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Major Professor: Jennifer I. Luebke, Ph.D., Professor of Anatomy and Neurobiology  
 
ABSTRACT 
A central question in the study of cortical development is how neural progenitors 
generate the many types of neurons that organize into distinct functional areas and layers. 
Using in vivo genetic fate-mapping, we previously showed that separate progenitor 
lineages specify distinct properties of layer 2/3 pyramidal neurons in the frontal cortex of 
the mouse. Here we interrogate whether this constitutes a general rule of cortical 
development by examining a different layer and area of the brain using the same 
approach. We show that neuronal diversity is also specified by progenitor type of origin 
in the earlier developing layer 4 of the barrel cortex, but that the differences in progeny 
are distinct from those specified for layer 2/3 in the frontal cortex. This elucidates a 
dynamic temporal program in progenitor classes, which fine-tunes the properties of their 
progeny according to the lamina of destination.  Our results also demonstrate that distinct 
lineages contribute unique features of the barrel cortex topography, specifying daughter 
cell allocation, electrophysiological properties and synaptic contacts with the thalamus. 
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PREFACE 	
“Unfortunately, nature seems unaware of our intellectual need for convenience and unity, 
and very often takes delight in complication and diversity” (Santiago Ramón y Cajal, 
Nobel acceptance speech, 1906) 
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CHAPTER ONE: GENERAL INTRODUCTION 
 
 General Overview: Neuronal diversity as the orchestrant of brain 
capacities 
 
If the cell is the basic unit of biological systems (Schwann, 1839, Schleiden, 1839) the 
neuron is the building block of the amazing brain, undoubtedly the most complex and 
powerful of the organs. The variety of cells in each tissue allows them to specialize and 
organize into a functional organ with a specific function. Likewise, the complex functions 
of the mammalian brain are paralleled by an overwhelming diversity of neurons. Over the 
course of evolution, the neocortex, which is arranged in a multilayered pattern, has 
expanded disproportionately compared to the rest of the brain. Such expansion is not 
reflected merely in its size, but also in the appearance of more specialized areas, where 
the number, distribution and subtypes of neurons differ, resulting in sophisticated 
processing networks (Northcutt and Kaas, 1995, Rakic, 2009). 
 
Since the formulation of the neuron doctrine by Ramon y Cajal (Cajal, 1933), many 
advances have been made in describing the structural and functional unit of the nervous 
system and its many variations. Neurons in the neocortex can be classified according to 
their morphology, physiology, projection targets, neurotransmitters released or gene 
expression profiles, but their high degree of complexity and diversity makes their 
classification into discrete types very challenging. However, cortical neurons can be very 
broadly grouped into two major subclasses:  
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1. Aspiny non-pyramidal neurons, which are GABAergic, inhibitory, and have short 
axons that project to local targets. They are usually referred to as inhibitory 
interneurons and they constitute ∼ 20-30 % of neocortical neurons (Markram et 
al., 2004). Cortical interneurons originate in the ventral telencephalon and then 
migrate tangentially to reach their final destination in the neocortex (Marin and 
Rubenstein, 2001, Anderson et al., 2002, Wonders and Anderson, 2006). 
2. Spiny neurons, which are glutamatergic, excitatory, and project to distant targets 
within the neocortex or other regions of the brain. They comprise ∼ 80 % of 
neurons in the neocortex and are commonly referred to as excitatory projection 
neurons. Typically they have a pyramidal morphology (Keller, 1984, Spruston, 
2008, DeFelipe and Farinas, 1992) with two distinct domains: the basal dendrites, 
that emanate from the base and form a skirt of dendrites, and the apical dendrite, 
longer than the basal dendrites, that extends from the apex of the soma towards 
the pia and typically ends in a tuft of dendrites of varying complexity. The 
characteristic topology of the apical dendrite enables pyramidal neurons to sample 
inputs from multiple layers. This stereotyped morphology finds an exception in 
spiny stellate neurons, which are spiny excitatory neurons that lack a prominent 
apical dendrite and can only be found in layer 4 of primary somatosensory areas. 
Excitatory neurons are generated in the neocortex itself, in the proliferative zone 
in the dorsolateral wall of the lateral ventricles (Rakic, 1972, Tan et al., 1998, 
Ware et al., 1999). The dorsal germinal zone can be subdivided into two 
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compartments, the ventricular zone (VZ), lining the ventricles, and the 
subventricular zone (SVZ), immediately dorsal to it. 
 
Inhibitory interneurons are commonly accepted as pertaining to distinct classes, based 
on their axon projection target (somatic, dendritic or axonal) and on their mostly non-
overlapping expression of calcium binding proteins: calbindin (CB), parvalbumin 
(PV), somatostatin (SOM) and calretinin (CR) (Markram et al., 2004, Petilla 
Interneuron Nomenclature et al., 2008, DeFelipe et al., 2013). Importantly, the 
morphological and biochemical differences between classes are also functionally 
relevant (Petilla Interneuron Nomenclature et al., 2008). The stereotypical 
morphology of pyramidal neurons, as well as their distant targets, makes their 
classification harder to readily accomplish. Usually, because cortical lamination is a 
major organizational feature of the neocortex, pyramidal neurons are named 
according to the lamina where their somata reside. 
 
 Morphological diversity of neocortical excitatory neurons 
 
 
Pyramidal neurons 
 
Pyramidal neurons are distributed throughout layers 2-6 of the neocortex. Layers 2 and 3 
contain pyramidal neurons with a tufted apical arbor that ramifies in layer 1 and an axon 
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that projects locally and to other neocortical areas through the corpus callosum. Layer 4, 
also referred to as the granular layer, contains neurons with smaller somata and axons 
that project mostly to other layers in the same area. L4 neurons can be pyramidal (with 
short apical dendrites that do not reach layer 1 and have a small or absent tuft) or non-
pyramidal. The latter are usually referred to as spiny stellate neurons and are considered a 
variant of the former, since it has been observed that they begin as pyramidal during 
development and subsequently retract their apical dendrites during maturation (Vercelli et 
al., 1992, Callaway and Borrell, 2011). Layer 5 contains pyramidal neurons that project 
to distant targets, such as the spinal cord, the striatum and other areas of the cortex and 
their axons are usually longer than those of layers 2/3 pyramidal neurons. Layer 5 
pyramidal neurons have large somata, and their apical dendrites show various degrees of 
arborization, but usually extend to layer 1. Layer 6 pyramidal neurons are the most 
diverse: their apical dendrites might extend from one side of the cell body or from a basal 
dendrite, they may only reach as far as layer 4, or even be inverted, extending towards the 
white matter, and they may either be tufted or not (Keller, 1984).  
 
Recently, research efforts have been directed to the investigation of the diversity of 
pyramidal neurons within a layer based on their electrophysiological and morphological 
properties (Zaitsev et al., 2012, van Aerde and Feldmeyer, 2015), their transcriptional 
profiles (Molyneaux et al., 2009) and their progenitors of origin (Tyler et al., 2015). 
However, the current understanding of pyramidal neuron diversity is still insufficient to 
understand how these cells operate in the complex neocortical mircrocircuitry.  
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Spiny stellate neurons 
 
Spiny stellate neurons are unique in that they are excitatory neurons which do not possess 
the stereotypical apical dendrite. These cells are restricted to primary sensory regions 
and, within them, to lamina 4, the stratum of the neocortex specialized in the reception of 
thalamic afferents (Lund, 1984). Apart from the absence of an apical dendrite, they 
resemble pyramidal neurons in having spiny dendrites. Like pyramidal neurons also, their 
axons establish excitatory synapses with their postsynaptic targets, and usually travel 
towards the white matter for some distance, even if their ultimate target lies in superficial 
layers. The many similarities, and the existence of an intermediate cell type (usually 
referred to as star pyramids) (Lorente de Nó, 1938, Lund et al., 1979) reveal that spiny 
stellates and pyramidal neurons are part of a continuum of morphologies.  
 
Spiny stellate neurons also resemble pyramidal neurons in their synaptology. Both classes 
of neurons receive synaptic contacts on their somata, and all of these synapses are 
symmetric, inhibitory synapses (with pleomorphic vesicles). They also receive inhibitory 
synapses on the shaft of their dendrites (rarely on the spines), which diminish in density 
towards the distal ends. Spines receive asymmetric, excitatory synapses (with round 
vesicles), usually one per spine, although occasionally excitatory synapses share the spine 
with an inhibitory synapse (Lund, 1984).  
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Spiny stellate and layer 4 pyramidal neurons are also similar in their electrophysiological 
properties and in the laminar distribution of their axonal output. Both subtypes project 
locally in layer 4 and upward to layers 2/3. To a lesser extent, they project to layer 6 and 
they also send their axons through the corpus callosum to target homotypic areas in the 
contralateral hemisphere. Spiny stellates have been shown to project to a specific 
population of pyramidal neurons in layer 5A, which further amplifies the transmission of 
sensory information to upper layers by projecting preferentially to layer 2/3 (Lund, 1973, 
Lund, 1984, Feldmeyer, 2012).  
 
The horizontal distribution of efferents of spiny stellates and L4 pyramids is slightly 
different. Spiny stellate neurons have axonal arbors restricted to a single column and 
largely overlap with their dendritic arbors, which ensures recurrent excitation and 
restriction of sensory processing to a single column. Pyramidal neurons, however, are 
known to project diffusely across columns (Egger et al., 2008, Schubert et al., 2003, 
Martin and Whitteridge, 1984)(Illustration 1).  
 
Physiological diversity of excitatory neurons in the neocortex 
 
Excitatory neurons can also be classified according to their firing pattern. The pattern of 
action potentials (APs) generated in the axon initial segment defines the output of a given 
neuron. Downstream, the electrical information is converted into a chemical signal at the 
axon terminal, which establishes a synapse with its target. Dendrites convey the electrical 
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signal from synapse to soma, where the temporal and spatial summation of postsynaptic 
potentials may or may not result in the generation of an AP in the postsynaptic cell. The 
firing properties of a neuron depend mostly on the intrinsic properties, although synaptic 
inputs may cause fluctuations in membrane conductance and voltage of the 
somatodendritic membrane (Amitai and Connors, 1984). The most common firing 
patterns of excitatory neurons are “regular spiking” and “intrinsically bursting” patterns. 
 
Regular-Spiking (RS) Neurons. This firing pattern is the most common in excitatory cells. 
RS neurons usually fire one AP at threshold and the repetitive firing frequency increases 
as the amplitude of the stimulus increases (Amitai and Connors, 1984). They show 
various degrees of adaptation, depending on which they can be further subdivided into 
three groups:  
 
1. RS1 cells adapt within the first 200 milliseconds and go from frequencies of 
several hundred Hz to frequencies between 50-100 Hz. This firing pattern can be 
found in excitatory neurons of layers 2-6 (Amitai and Connors, 1984). 
2. RS2 cells adaptation occurs progressively, over the course of a few hundred 
milliseconds, until firing stops, even if the stimulus is maintained. These neurons 
are most frequently found in layers 4 and 5 (Chagnac-Amitai and Connors, 1989, 
Agmon and Connors, 1992). 
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3. Some neurons do not show any adaptation, but rather fire rhythmically, even after 
they reach the maximum firing frequency in response to a strong stimulus (Silva 
et al., 1991). 
 
Intrinsically Bursting (IB) Neurons. At threshold, IB neurons fire a “burst” of three to 
five APs at very high frequency (150-300 Hz). The burst is often elicited by a single 
triggering stimulus and it can be isolated or part of a series of repetitive bursts, in which 
case it is referred to as rhythmically bursting pattern. (Connors et al., 1982, McCormick 
et al., 1985). IB cells can be found only in layer 4, where they comprise a small 
percentage of the total spiny cell population, and in layer 5b, where they are most 
abundant (Amitai and Connors, 1984).  
 
The variations in the intrinsic firing properties of neurons are dependent on the input 
resistance and cable properties of their dendrites as well as the specific ion channels 
present in their membranes. The intrinsic properties of a neuron dictate the dynamic 
range and fidelity with which it can transmit a signal. Thus, the study of the firing 
properties of different subclasses of neurons is important for the understanding of 
neocortical circuits; however, how neurons with distinct firing patterns and morphologies 
arise in development is still poorly understood.  
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Brain development and the origin of diversity 
 
The precise allocation of the diverse cell types across the six layers of the neocortex is 
key for the specification of functionally distinct cortical areas (Rakic, 1988). The 
developmental programs underlying these features (Rallu et al., 2002, Campbell, 2003, 
Guillemot, 2005) are poorly understood, but it is recognized that a dynamic interplay 
between intrinsic and extrinsic factors shapes the formation of distinct neurons and 
cortical areas (Sur and Rubenstein, 2005, Dehay and Kennedy, 2007).  
 
As complex an entity as it is in adulthood, the mammalian neocortex originates from a 
single-layered epithelium of neural stem cells called neuroepithelial cells that line the 
neural tube. The dorsal germinal zone gives rise to excitatory neurons that migrate 
radially to the developing cortical plate, while the ventral germinal zone gives rise to 
inhibitory neurons that migrate tangentially to their final layer of destination. The 
developing ventral telencephalon forms a transient structure called the ganglionic 
eminence, which can be further subdivided into medial ganglionic eminence (MGE), 
lateral ganglionic eminence (LGE), and caudal ganglionic eminence (CGE). Interestingly, 
the diverse types of interneurons originate from specific areas of the GE. For instance, 
CR-containing interneurons derive primarily from the dorsal CGE, while SOM and PV-
containing interneurons derive almost exclusively from the MGE (Wonders and 
Anderson, 2006). Similarly, the origin of distinct electrophysiological subtypes of 
interneurons is spatially segregated. Thus, while the MGE generates fast-spiking 
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interneurons, the CGE gives rise to RS-neurons (Butt et al., 2005). The time at which a 
given interneuron is born also influences its electrophysiological properties. For example 
the CGE gives rise to RS interneurons with distinct firing patterns at E13.5 and E15.5 
(Butt et al., 2005). The spatial and temporal segregation of generation of interneuron 
diversity has been widely studied. However, the developmental mechanisms underlying 
currently less obvious excitatory neuronal diversity remain largely unresolved. 
 
Development of cortical excitatory neurons and heterogeneity of the precursor pool 
 
In the dorsal germinal zone, neuroepithelial cells undergo primarily symmetric divisions 
to expand the progenitor pool and, to a lesser extent, they undergo asymmetric divisions 
to give rise to the first neurons (Smart, 1973, Gotz and Huttner, 2005, Chenn and 
McConnell, 1995). Subsequently, they transform into radial glial cells (RGCs), which 
play a key role in development, both by replicating themselves and by directly generating 
excitatory neurons (Hartfuss et al., 2001, Malatesta et al., 2003, Anthony et al., 2004). 
RGCs locate in the VZ, divide at the surface of the ventricle and have long processes that 
span the full thickness of the developing cortex, serving as a guide for migration of newly 
born neurons (Rakic, 1971, Rakic, 1972, Caviness and Rakic, 1978). This radial 
migration causes the neocortex to be organized into columns. Though radial columns 
form in the same way, they differ across cytoarchitectonic areas and receive different 
external input. Interestingly, the process of neurogenesis is exquisitely timed so that 
neurons originated at the same time during development end up in the same layer of the 
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neocortex (Rakic, 1974). Neurons born first populate the deepest layer of the neocortex, 
and subsequently generated neurons migrate past them to arrive to more superficial layer, 
in an “inside-out” manner. Because neurons of different layers have different properties 
and connections, neuron specification is influenced, at least in part, by birth date (Zhong, 
2003). As a result, there are lamina-specific genes that can be used to identify layers and 
the neurons that populate them (Molyneaux et al., 2007). The diversity and distribution of 
characteristic cell types within each of these layers and columns determines the formation 
of specific brain areas capable of distinct functions (Rakic, 1988).  
 
The increased surface area of the neocortex, which contributes to areal specification that 
underlies extraordinary human cognitive abilities, is achieved by an increase in the 
number of RGCs. Cortical expansion is further generated via diverse populations of 
intermediate precursor cells (IPCs), which originate from RGCs and themselves generate 
neurons (Gal et al., 2006, Mizutani et al., 2007, Kowalczyk et al., 2009, Stancik et al., 
2010, Wang et al., 2011) that populate all cortical layers (Kowalczyk et al., 2009). Some 
intermediate progenitors locate in the VZ, such as apical IPCs (aIPCs, also known as 
short neural precursors, SNPs), (Gal et al., 2006, Stancik et al., 2010, Tyler and Haydar, 
2013), while basal IPCs (bIPCs) and basal radial glia (bRG) locate in the subventricular 
zone (SVZ). These intermediate progenitors are present in mice and other rodents, but the 
SVZ becomes expanded and more compartmentalized in mammals with more developed 
and cell-diverse cortices, such as non-human primates and humans (Molyneaux et al., 
2007, Dehay and Kennedy, 2007, Dehay et al., 2015). 
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The discovery of the heterogeneity of the precursor pool raises crucial questions: Do 
intermediate precursors contribute to all layers of the neocortex or do they preferentially 
contribute to specific layers? What is the fate of their daughter neurons in the columnar 
organization of the neocortex? Do they merely expand the output of RGCs, or do they 
generate distinct types of neurons, thus contributing to intralaminar neuronal diversity? 
 
In order to answer these questions, we took advantage of the unique molecular profile of 
the cells of the neurogenic niche to group them into two major lineages: those that 
express the transcription factor Tbr2 and those that do not (Englund et al., 2005, Elsen et 
al., 2013). Our group has developed a technique to simultaneously label neurons derived 
from Tbr2(+) and Tbr2(-) precursors, using in utero electroporation (IUE) in mice (Tyler 
and Haydar, 2013, Tyler et al., 2015). In a previous study, we demonstrated that layer 2/3 
pyramidal neurons in mouse frontal cortex possess distinct morphological and 
electrophysiological properties depending on their lineage of origin (Tyler et al., 2015). 
In particular, neurons derived from Tbr2-expressing progenitors were more excitable and 
possessed less arborized apical dendrites (Figure 1). This finding revealed that certain 
aspects of pyramidal neuron identity and function are specified at the precursor stage, at 
least during the formation of layers 2/3. A goal of the present study was to determine 
whether this mechanism underlying pyramidal neuron diversity is a common principle 
during development by examining a different layer and area of the brain. To do so, we 
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fate-mapped both lineages at an earlier time point during development, when neurons are 
generated that ultimately populate layer 4, and in a different area, the barrel cortex. 
 
Layer 4 of the barrel cortex 
 
The barrel cortex, also known as the vibrissal cortex, is the part of the rodent 
somatosensory cortex that contains a map of the whiskers (Woolsey and Van der Loos, 
1970). Because mice and rats are nocturnal, they rely highly on tactile information and 
are able to build a spatial representation of their environment from the sensory 
information provided by the vibrissae. Thus, the barrel cortex occupies most of the 
surface of the somatosensory cortex (Illustration 2). The sensory information is carried by 
primary afferents in the hair follicle that establish excitatory synapses in the trigeminal 
ganglion of the brainstem, where the somatotopy is maintained, forming the so-called 
“barrelettes” (Veinante and Deschenes, 1999). Trigeminothalamic neurons project to the 
ventral posterior medial (VPM) nucleus of the thalamus, where they are segregated into 
“barreloids” (Petersen, 2007). This topographic organization is preserved by the 
thalamocortical afferents (TCAs) that form discrete clusters or “barrels” in layer 4.  
Strikingly, each “barrel” represents one discrete whisker of the rodent’s contralateral 
snout (Brecht and Sakmann, 2002), which makes the barrel cortex a widely used system 
to investigate the link between structure, physiology and behavior. In particular, layer 4 
of the barrel cortex provides a unique system for the present study for several reasons: its 
discrete columnar layout, its neuronal diversity, and the fact that it receives dense 
innervation from the thalamus.  
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Topography 
 
The prominent and well-characterized laminar and columnar organization of the barrel 
cortex (Woolsey and Van der Loos, 1970) makes this brain area ideal for the 
investigation of the developmental processes leading to cortical topography. The 
columnar organization of this cortical area is characterized by the presence of repetitive 
multicellular units called barrels, which possess a cell-dense side, surrounding a less 
dense hollow area or core (Illustration 2). Adjacent barrels are separated by cell-poor 
areas called septa (Woolsey and Van der Loos, 1970). The characteristic structure of the 
barrels in the rodent somatosensory cortex relies both on neuronal density and on the 
differential distribution of distinct neuron types. For instance, the upper half of layer 4a 
contains both a larger number of cells and a higher proportion of spiny cells than does 
layer 4b (Simons and Woolsey, 1984). Importantly too, different regions receive different 
input. For example, VGLUT2+ thalamocortical afferents are segregated to specifically 
target the barrel core (Illustration 2). These axons are known to carry information from 
the ventral posteromedial nucleus (lemniscal pathway). Axons targeting the septum carry 
information from the preoptic nucleus (paralemniscal pathway) (Feldmeyer, 2012, Yu et 
al., 2006).  
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Neuronal diversity 
 
Layer 4 of the barrel cortex also provides an ideal system to study intra-layer neuronal 
diversity since it contains several subtypes of excitatory neurons. Previous studies have 
categorized layer 4 neurons into two groups based upon their repetitive action potential 
(AP) firing patterns: “intrinsically burst-spiking” neurons and “regular spiking” neurons 
(Staiger et al., 2004, Amitai and Connors, 1984). The former only represent a small 
percentage of the total population, while the latter are more frequent and can show 
varying levels of adaptation (Amitai and Connors, 1984). 
 
Layer neurons can be classified according to their morphology into: pyramidal, star 
pyramidal and spiny stellate neurons (Staiger et al., 2004, Oberlaender et al., 2012). 
However, these different types are a simplification of what actually represents a 
continuum of morphologies (Callaway and Borrell, 2011, Lund, 1984) (as shown Figure 
7). This may be one reason why researchers have failed to show a direct correlation 
between the morphological subtypes and the electrophysiological groups (Schubert et al., 
2003, Staiger et al., 2004, Feldmeyer et al., 1999)  
 
The morphological subtypes differ, however, in their synaptic input and may be involved 
in distinct cortical circuits. Stellate neurons receive more intracolumnar synaptic inputs, 
preferentially from layer 4, while pyramids receive diffuse inputs from different columns 
and from all layers of the cortex (Schubert et al., 2003). 
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Spiny stellate and pyramidal neurons project mainly within layer 4 and upward to layers 
2/3, but they also send axons to layer 6 and callosal projections to the contralateral 
hemisphere (Lund, 1984, Feldmeyer, 2012). The horizontal distribution of their output is 
slightly different: while spiny stellate neurons have axonal arbors restricted to a single 
column, pyramidal neurons are known to project diffusely across columns (Illustration 1). 
 
Recipient layer of thalamic afferents. Protomap versus Protocortex 
 
Layer 4 is of special interest because it is the main recipient of thalamic input, a key 
determinant of cortical area specification (O'Leary et al., 1994, Hevner et al., 2002). 
Therefore, layer 4 constitutes an interface of intrinsic and extrinsic factors, and thus is a 
model particularly suited to test the two main theories of cortical development: 
“protocortex” versus “protomap”. 
 
According to the “protocortex” hypothesis, the developing cortex is rather homogenous 
and sensory cues carried by TCAs from the periphery restrict the fate of cells to guide 
arealization and lamination (Lopez-Bendito and Molnar, 2003). The study of the rodent 
barrel cortex has given much insight into this process. When TCAs arrive in layer 4 at 
around P0, neurons are displaced to the periphery, forming the cell-dense barrel wall and 
leaving the cell-sparse area in the center to be heavily innervated by the thalamus, 
specifically by axons from the VPM nucleus. (Woolsey and Van der Loos, 1970, Lopez-
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Bendito and Molnar, 2003). Importantly, injury to the vibrissae (Van der Loos and 
Woolsey, 1973), ablation of the trigeminal nerve (Jensen and Killackey, 1987) or 
alteration of thalamocortical glutamatergic neurotransmission (Li et al., 2013) disrupts 
the formation of barrels, thus showing that correct sensory innervation is necessary for 
the correct topographic organization of the barrel field. 
 
Alternatively, the “protomap” hypothesis theorizes that intrinsic factors acting within 
precursor cells play a significant role in early neocortical regionalization, and that this 
can happen in the absence of extrinsic cues (Rubenstein and Rakic, 1999, Sur and 
Rubenstein, 2005). This cortical patterning is guided by gradients of expression of 
different molecules, like Fgf8, Shh or Wnt, throughout the neuraxis that control processes 
like cell proliferation and death, differentiation or migration. Spatial and temporal 
changes of the neural precursor niche are a general requirement for this theory.  
 
The present study was designed to interrogate the degree by which each of the two 
possible influences contributes to the development of layer 4, by determining the 
interaction of neurons derived from heterogeneous precursor populations with the 
thalamus, the main carrier of peripheral cues. 
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Specific Aims 
 
The developmental mechanisms underlying the establishment of excitatory neuronal 
diversity remain poorly understood. The central hypothesis of the current work is that 
distinct neuronal precursor classes contribute to neocortical diversity through the 
generation of neurons with distinct morphological and electrophysiological properties. 
 
In a recent study, our group showed that neurons derived from two classes of neural 
precursor groups exhibited distinct morphological and electrophysiological properties in 
layer 2/3 of the mouse frontal cortex. To test whether this principle of generation of 
diversity is a general rule of cortical development, we studied a different area and layer of 
the brain: layer 4 of the barrel cortex. 
 
• In chapter 3 we examine whether neurons derived from the two neural precursor 
lineages contribute to barrel cortex sublaminar and columnar topography. 
• In chapter 4 we investigate whether neurons derived from these lineages have 
distinct morphological and electrophysiological properties. 
• In chapter 5 we examined whether neurons derived from these lineages receive 
different amounts and/or distribution of thalamocortical synapses. 
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Our results demonstrate that different neural precursor lineages generate multiple classes 
of neuronal progeny, each with distinct electrophysiological and morphological 
properties. Thus (taken together with our earlier work described in Tyler et al., 2015) 
lineage-specified neuronal identity occurs in multiple layers and areas of the neocortex 
and, as such, appears to be a fundamental rule of development. Importantly, the results 
indicate that a given lineage undergoes changes throughout embryonic development to 
program the properties of their daughter neurons according to the lamina of destination. 
In addition, our results demonstrate that different neural precursor groups contribute in 
specific ways to the columnar topography and neuron identity in the barrel cortex. 
Furthermore, we show for the first time that parcellation of thalamic afferents upon the 
dendritic arbor is influenced by the neuronal identity framework established at the 
progenitor stage.  
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Illustration 1: Axonal targets of layer 4 spiny stellate and pyramidal neurons. 
Spiny stellate and pyramidal neurons (black) project to layer 4 and layers 2/3, as well as 
to layer 6. A fraction of layer 4 neurons also projects to homotypic areas in the 
contralateral hemisphere. Some spiny stellate neurons project to a specific population of 
pyramidal neurons in layer 5a (gray) that in turn distribute their axons to layers 2/3. Spiny 
stellates tend to have axons restricted to the same column, while pyramidal neurons 
typically project diffusely across columns. 
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Figure 1: Lineage-specified differences in layer 2/3 pyramidal neurons of the frontal 
cortex 
(A) Distribution of Tbr2 and non-Tbr2 lineage neurons throughout the cortical depth at 
P21. (B) Representative reconstructions of layer 2/3 pyramidal neurons from both 
lineages. (C) Sholl analysis reveals differences in complexity of the apical dendrite 
between Tbr2 and non-Tbr2 lineage neurons (*p<0.05). (D) Voltage responses to 
increasing subthreshold current steps show a higher input resistance of Tbr2 lineage 
neurons than non-Tbr2 lineage neurons. Calibration: 5mV, 50ms. (E) Voltage responses 
of neurons from both lineages to slow depolarizing current ramps. Calibration: 5mV, 
500ms. (F) Voltage-current plot for Tbr2 and non-Tbr2 lineage neurons at time points 
indicated by dots in D. (G) From left to right, time constant, input resistance (Rn) and 
rheobase bar graphs. (H) Representative voltage responses to +100, +150 and +200 pA 
current steps from neurons of both lineages. Calibration: 40mV, 500ms. NB: Adapted 
from Tyler et al., 2015. 
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Illustration 2: Diagram of a tangential and coronal section through the barrel field 
(A) The barrel field occupies a significant portion of the mouse brain. (B) Depiction of 
tangential (left) and coronal (right) view of the barrel field. Barrels in layer 4 of the 
rodent somatosensory cortex possess a cell-dense side (black), surrounding a less dense 
core. The core is densely innervated by VGLUT2+ thalamic axons (cyan).  
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CHAPTER TWO: GENERAL METHODS 
 
Overall Strategy 
 
Tbr2 is a transcription factor expressed by basal Intermediate Precursors (bIPCs), but it is 
not expressed in short neural precursors (SNPs), basal radial glia (bRG) or radial glial 
cells (RGCs). To label the two lineages, we isolated the Tbr2 promoter and used it to 
drive the expression of Cre. Pairing this with a CAG-ZsGreen-mCherry  (CAG-Stoplight) 
plasmid enabled us to drive the expression of different fluorescent proteins in specific 
populations of precursors. Specifically, in the CAG-Stoplight plasmid, ZsGreen is 
flanked by two lox sites that can be targeted by the Cre recombinase. In the absence of 
Cre expression driven by the Tbr2 promoter, the CAG promoter drives the expression of 
ZsGreen in all precursors and the neurons they generate. When the Tbr2 promoter is 
active, Cre will be expressed and will target the lox sites and eliminate the ZsGreen 
cassette in CAG-Stoplight, leading to expression of mCherry (Figure 2A). Thus, using 
our two-color genetic fate mapping technique, the neuronal progeny of non-Tbr2 
precursors are labeled green, while the neurons deriving from Tbr2 precursors are labeled 
red (Figure 2B). 
 
In utero electroporation 
 
In utero electroporation was performed as described elsewhere (Gal et al., 2006) at 
gestational age e13.5 on timed pregnant CD1 mice from Charles River Laboratories. The 
Tbr2-Cre and CAG-Stoplight plasmids were mixed at a 1:1 ratio by copy number and 
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mixed with 0.1% fast green dye (Sigma-Aldrich). The final concentration for each 
plasmid was 2.5 µg/µL. Dams were anesthetized with an intraperitoneal injection of 
ketamine/xylazine cocktail and a midline laparotomy was performed to expose the 
uterine horns.  A pulled glass beveled micropipette was used to inject 1-2 µL of the 
plasmid DNA through the uterine wall and amniotic sac into the lateral ventricle of the 
mouse embryo. The anode of a Tweezertrode (Harvard Apparatus) was placed over the 
dorsal surface of the parietal cortex above the uterine wall and four 35V pulses of 50ms 
duration were applied, separate by a 950 milliseconds interval with a BTX ECM830 
pulse generator (Harvard Apparatus) (Illustration 3). After the electroporation, the uterine 
horns were returned to place, the abdominal cavity filled with warm 0.9% saline and the 
incision closed with absorbable sutures. After the procedure, dams were placed in a clean 
cage and closely monitored during recovery. All procedures were reviewed and approved 
by the Institutional Animal Care and Use Committee at Boston University School of 
Medicine. 
 
Experimental Subjects 
 
At birth, mice were screened for electroporation and housed with their mothers. A total of 
43 mice, both male and female, were used in this study. All animals were handled 
according to animal care guidelines from the NIH Guide for the Care and Use of 
Laboratory Animals and the U.S. Public Health Service Policy on Humane Care and Use 
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of Laboratory Animals and research procedures were approved by the Institutional 
Animal Care and Use Committee at Boston University School of Medicine.  
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Illustration 3: In utero electroporation 
At gestational age E13.5, dams were anesthetized and their uterus exposed (1). A 
micropipette was used to inject the DNA constructs into the embryo’s lateral ventricle 
(2). Electroporation was performed by placing the anode on the dorsal surface of the 
parietal cortex and subsequently applying four 35V pulses of 50 ms duration. 
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CHAPTER THREE: NEURONS DERIVED FROM DISTINCT PROGENITOR 
LINEAGES DIFFER IN SUBLAMINAR AND COLUMNAR DISTRIBUTION 
 
INTRODUCTION 
 
Because the SVZ is expanded in mammals with more developed cortices, IPCs are 
thought to play a key role in the expansion of neocortical thickness across phylogeny. 
Furthermore, because the number of asymmetric divisions in the SVZ increases at later 
stages of neurogenesis, it was initially proposed that IPCs specifically generate upper 
layer neurons (Molyneaux et al., 2007). Therefore, while it has been shown that IPCs can 
generate neurons of all layers of the neocortex (Kowalczyk et al., 2009, Vasistha et al., 
2015), many studies conclude that IPCs produce mainly upper layer neurons (Tarabykin 
et al., 2001, Zimmer et al., 2004, Britanova et al., 2005, Mihalas et al., 2016).  
 
Thus, most of the studies of the neuronal progeny of distinct IPC cohorts have focused on 
determining their overall contribution to different layers of the neocortex. However, the 
location of IPC-derived neurons within specific layers and their contribution to columnar 
organization remains poorly understood. In Tyler et al., 2015, we restricted our study to 
layers 2/3 of the neocortex, but we found no differences in overall depth between neurons 
derived from Tbr2 and non-Tbr2 precursor lineages.  
 
In this study, we took advantage of the conspicuous borders and readily apparent columns 
of layer 4 of the barrel cortex to investigate the contribution of the two fate-mapped 
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precursors to sublaminar and columnar organization. To do so, we traced the position of 
their neuronal progeny throughout the course of development until their final allocation 
in layer 4 at P21. Our results reveal that: 1) At E13.5, both classes of neural progenitors 
give rise to neurons that populate layer 4. 2) Neurons derived from the two progenitor 
classes differ, within layer 4, in their sublaminar and columnar localization, and 3) The 
final position of neurons within layer 4 is not definitively established until the end of the 
first postnatal week.  
 
MATERIALS AND METHODS 
 
Tissue Processing and Confocal Imaging 
 
For the determination of number and depth of Tbr2 and non-Tbr2 derived cells in layer 4 
of the barrel cortex, four electroporated mice were anesthetized with an intraperitoneal 
injection of ketamine/xylazine at postnatal day 21 and intracardially perfused with 4% 
paraformaldehyde (PFA). For the time course study, the brains of 3 electroporated mice 
at each age (e14.5, e16.5, P0 and P3) were collected and fixed overnight in 4% PFA. Two 
P7 mice were intracardially perfused and postfixed overnight with 4% PFA. All brains 
were cryoprotected by submersion in 15% sucrose in 0.01M PBS for 24 hours, followed 
by 30% sucrose for 24 hours. After cryoprotection the brains were frozen in Optimal 
Cutting Temperature (OCT) compound and stored at -80o C. Eighteen µm or fifty µm-
thick serial sections were cut in the coronal plane throughout the rostrocaudal extent of 
		
33 
the barrel field (between bregma 0.50 mm and bregma -1.94 mm) (Paxinos, 2003) using a 
cryostat (Microm HM 560). Eighteen µm sections were directly mounted on superfrost 
slides and air-dried for 20 minutes. Fifty µm were stored in ethylene glycol anti-freeze 
solution at -80o C. For stereology: every fifth section was collected for subsequent 
immunohistochemistry and the first section was chosen randomly for systematic random 
sampling (SRS) of the barrel field. A total of 7-8 sections per brain were immunostained 
for VGLUT2 to label the layer 4 of the barrel field. Tile scans of the whole electroporated 
barrel field were acquired at 0.208x0.208x1 µm voxel resolution with a Plan-Apochromat 
20x/0.8 NA objective lens and 1.5x digital zoom, using an upright Zeiss LSM 710 
microscope with a motorized stage and a MultiTime macro. The virtual sections thus 
obtained were uploaded to StereoInvestigator software (MBF Bioscience, Williston, VT) 
for counting using the optical fractionator procedure to generate unbiased counting 
frames (West et al., 1991, Peterson, 1999). The number of Tbr2 and non-Tbr2 neurons in 
both the barrel hollow and the wall were determined using the following stereological 
parameters: sampling grid 100x100 µm, counting frame 100x100 µm, optical dissector 
height 18 µm (14 µm plus 2µm guard zones on either side). A total of 6000 neurons was 
counted. The files generated with Stereoinvestigator were imported to Neurolucida 
Explorer software, and the depths of each Tbr2 and non-Tbr2 cell were determined by 
measuring the distance from the corresponding marker to the border of layer 4 and layer 
5, on the basis of the VGLUT2 immunostaining. For the time course study, one 
representative section of each brain was scanned at 0.208x0.208x1 µm voxel resolution, 
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the neurons counted and their depth relative to the pia measured using Neurolucida 
software. 
 
Inmunohistochemistry on thick sections 
 
After rinsing in 0.01M PBS, antigen retrieval was performed by treating the sections with 
10 mM Sodium Citrate Buffer (pH 8.5) for 30 minutes in a 60o water bath. Binding sites 
were unmasked by incubation in 50 mM glycine for 1 hour. Slices were then incubated in 
blocking solution (10% BSA, 0.2% triton-x in 0.01 M PBS) for 1 hour. After blocking, 
sections were incubated in primary antibody for 1 day. After rinsing thoroughly with 
0.01M PBS, sections were incubated in biotinylated secondary antibodies for 2 hours, 
followed by incubation with Streptavidin Alexa Fluor®-633 for 24 hours. Primary and 
secondary antibodies were diluted in 0.2% BSAc, 0.1% triton-x, 0.1M phosphate buffer 
and their penetration enhanced by controlled microwaving (150W for 10 minutes at 35 
oC). Sections were rinsed, mounted in Prolong anti-fade medium (Invitrogen) and 
coverslipped. 
 
Inmunohistochemistry on thin sections 
 
Eighteen µm sections were rinsed in 0.01M PBS and then placed in 10 mM Sodium 
Citrate Buffer (pH 8.5) for antigen retrieval by microwaving at 800 W for 1 min and then 
at 80 W for 10 min. Sections were incubated in blocking solution for 1 hour and then in 
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primary antibody overnight. After rinsing thoroughly with 0.01M PBS, sections were 
incubated in secondary antibody for 2 hours. Sections were rinsed, mounted in DAPI-
containing Vectashield mounting medium and coverslipped. 
 
The following pairs of primary/secondary antibodies were used. 1) Antibody against Tbr2 
(Tbr2 polyclonal rabbit, 1:200, AB2283, Millipore)/633 goat anti-rabbit, 1:200, A21070, 
ThermoFisher Scientific 2) Antibody against vesicular glutamate transporter 2 (anti-
VGLUT2 polyclonal guinea pig, 1:1000, AB2251, Millipore)/ biotinylated goat anti-
guinea pig IgG (1:200, BA-7000, Vector Laboratories) and Streptavidin Alexa Fluor®-
633 (1:400, S21375, ThermoFisher Scientific) for 50 µm sections or secondary goat anti-
guinea pig IgG conjugated with Alexa Fluor®-647 (1:200, 706-605-148, Jackson 
Immunoresearch) for 300 um sections. 3) Antibody against ZsGreen (anti ZsGreen rabbit, 
1:500, 632474, Living Colors®)/488 goat anti-rabbit (1:200, A11070, ThermoFisher 
Scientific) 4) Antibody against mCherry (monoclonal anti-mCherry mouse, 1:1000, 
632543, Living Colors®)/546 goat anti-mouse (1:200, A11018, ThermoFisher 
Scientific).  
 
Statistical analyses 
 
For the stereology study, the coefficient of error (CE, Gundersen m=1), was used to 
measure the precision of stereological estimates (Gundersen and Jensen, 1987) and was 
considered appropriate when below 0.10. For the numbers and compartmentalization of 
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cells, a negative binomial model was employed with generalized estimating equations 
(GEE). For the depth comparison, a mixed linear model that used a “covariance 
adjustment of compound symmetry” was run to account for the variability across 
animals. In all cases, differences were considered significant if the p-value was <0.05.  
 
RESULTS 
 
In utero fate-mapping at E13.5 labels progenitors that generate neurons principally 
residing in layer 4 of the barrel cortex 
 
We took advantage of the unique pattern of transcription factor expression to separate 
and indelibly label Tbr2 expressing progenitors (mostly bIPCs) from Tbr2 negative 
progenitors, which include RGCs, aIPCs (or SNPs) and bRG, as well as their daughter 
cells (Tyler et al., 2015)(Figure 2A). To do so we used the combination of CAG-
ZsGreen-mCherry (CAG-Stoplight) reporter plasmid and Tbr2-Cre driver plasmid. In the 
CAG-Stoplight plasmid, ZsGreen is flanked by two lox sites that can be targeted by the 
Cre recombinase. In the absence of Cre, the CAG promoter, present in all transfected 
precursors and neurons, drives the expression of ZsGreen. In bIPCs only, where the Tbr2 
promoter is active, Cre is expressed and targets the lox sites to eliminate ZsGreen in the 
CAG-Stoplight, leading to expression of mCherry (Figure 2A). Thus, using our two-color 
genetic fate mapping technique, the neuronal progeny of non-Tbr2 precursors were 
labeled green only, while the neurons deriving from Tbr2 precursors were labeled red 
(Figure 2B). Overall at E14.5, 24 hours after IUE, 34.5% of the electroporated cells were 
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mCherry+, while 65.5 % were ZsGreen positive and did not express mCherry (Figure 
1D). As expected, mCherry-expressing Tbr2(+) progenitors were found primarily in the 
SVZ, while the ZsGreen-only Tbr2(-) progenitors were found in the VZ (RGCs and 
SNPs) (Figure 2B, C). The fate-mapping technique was validated by assessing the 
recombination efficiency of the Tbr2-Cre driver plasmid. In particular, 
immunohistochemistry for Tbr2 protein 24 hours after IUE revealed that the majority of 
mCherry expressing cells were also positive for Tbr2 protein (Figure 2D). A small 
percentage of these mCherry expressing cells were not Tbr2 immunopositive, either 
because they were newborn neurons generated by mCherry labeled progenitors or 
because they were newly generated bIPCs in which the Tbr2 promoter was active but the 
amount of protein expressed was not yet detectable, as has been previously described 
(Vasistha et al., 2015). Conversely, the majority of ZsGreen only progenitors were 
negative for the expression of Tbr2 protein and only a small percentage of them stained 
for Tbr2 (Figure 2D).  
 
Plasmids introduced in dividing cells by electroporation remain episomal and are diluted 
after several rounds of divisions. This property allowed us to label neurons that were 
generated within a limited time frame (Stancik et al., 2010). Analysis of P21 brains 
revealed that our temporal cohort spanned the full extent of layer 4 (Figures 3,4). Because 
layer 4 is the main recipient layer of thalamocortical input, we used 
immunohistochemistry for Vesicular Glutamate Transporter 2 (VGLUT2) to specifically 
identify the boundaries of this layer (Figure 4). The majority of electroporated cells were 
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located in the VGLUT2 positive layer 4, between 400 and 650 µm from the pia (Figure 3, 
4B), although there were some labeled neurons in layers 2/3 and in layer 5. Of all the 
electroporated cells, 62.3% were derived from the Tbr2 lineage and 37.7 % from the non-
Tbr2 lineage. Interestingly, Tbr2-derived neurons were located deeper within layer 4 than 
non-Tbr2 derived neurons (Figure 5B). 
 
To determine how this difference in depth comes about during development, we assayed 
temporal changes in cortical depth of E13.5 fate-mapped neurons as well as their 
relationship with the ingrowing thalamocortical axons between E16.5 and P21. (Figure 
4). At E16.5, fate-mapped neurons generated at E13.5 were located mostly in the cortical 
plate (CP), although some were still migrating from the VZ and SVZ. At this point in 
development, thalamic axons are “waiting” in the intermediate zone and have not yet 
invaded the cortex (Figure 4). At P0, almost all electroporated cells were located in 
superficial layers, and thalamocortical axons had arrived at the CP (Figure 4). At P3, a 
distinct band of thalamic afferents delimited layer 4, although the barrels were still not 
apparent (Erzurumlu and Jhaveri, 1990) (Figure 4). Importantly, the majority of the fate-
mapped cells were found intermingled with TCA at this time point. At P7, the barrels had 
already formed and neurons were located mostly in layer 4 (Figure 4).  
 
Importantly, we observed that the average position in relation to the pia was deeper for 
Tbr2 than for non-Tbr2 derived neurons at P7, but not at earlier time points (Figure 4, 
5A). At P21, an even greater difference in depth was observed between Tbr2 and non-
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Tbr2 derived neurons (Figure 4, 5A). Our results confirm that neurons generated at E13.5 
primarily populate layer 4, and that their final location within the layer is not established 
until after the first postnatal week. 
 
The allocation of Tbr2 and non-Tbr2 lineage neurons differs in layer 4 of the barrel 
cortex 
 
Given the observation of differences in average depth of fate-mapped neurons and that 
sublaminar differences in morphology and connectivity are known to be present within 
layer 4 (Simons and Woolsey, 1984, Nassi and Callaway, 2009), we conducted a high 
resolution stereological analysis of Tbr2 and non-Tbr2 derived neurons within layer 4 
(Figure 6A). To determine a neuron’s position within and around the barrel, we scored 
cells in both the VGLUT2(+) compartment (henceforth barrel core) and the VGLUT2(-) 
compartment, which includes the barrel wall and the septum (hence referred to as barrel 
wall) (Figure 6B). Tbr2 and non-Tbr2 derived neurons were distributed across the full 
thickness of layer 4, although the non-Tbr2 lineage cells were slightly more superficial 
(distance from L5, non-Tbr2= 122.44±8.65 µm; Tbr2= 108.49±8.63 µm, p<0.01) (Figure 
6E). Of all transfected cells in the barrel field, 43.2% were of the non-Tbr2 lineage and 
56.8% were of the Tbr2 lineage (Figure 5C, top). In the barrel core, the mean percentage 
of non-Tbr2 cells was 44.9% and of Tbr2 cells was 55.1% (Figure 6C, middle). In the 
barrel wall, 39.9% were non-Tbr2, while 60.1% were Tbr2 (Figure 6C, bottom). Thus, 
the Tbr2 derived neurons were preferentially located in the barrel wall over the barrel 
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core, when compared to non-Tbr2 cells. The ratio of cells in barrel core/wall ratio was 
1.22 for non-Tbr2 cells and 0.89 for Tbr2 cells (p<0.0001) (Figure 6D).  
 
DISCUSSION 	
The discovery of the heterogeneity of the precursor pool has added a layer of complexity 
to the study of the development of laminar and columnar organization in the neocortex. 
The SVZ, where many of the intermediate progenitors reside, is enlarged and stratified in 
mammals with expanded and more complex cortices, suggesting that it provides an 
evolutionary advantage (Martinez-Cerdeno et al., 2006, Dehay and Kennedy, 2007). 
Because layers 2/3 are also expanded in the primate, it has been suggested that IPCs 
preferentially give rise to upper layer neurons. While some studies have shown that IPCs 
contribute to all layers (Kowalczyk et al., 2009, Vasistha et al., 2015), it has been 
suggested that they preferentially contribute to upper layers (Zimmer et al., 2004, 
Tarabykin et al., 2001, Britanova et al., 2005, Mihalas et al., 2016). Although much 
attention has been paid to the relative contribution of distinct neural precursors to the 
various layers of the neocortex, the contribution to columnar organization and sublaminar 
distribution has not been addressed before.  
 
Here we fate-mapped two distinct populations of neural precursor cells, those that 
express Tbr2 and those that do not. By using IUE at e13.5 we specifically labeled and 
restricted our examination to layer 4 neurons, which allowed us to assess sublaminar 
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differences. By electroporating the barrel field, we were also able to assess the 
contribution of the two lineages to columnar topography in the neocortex.  
 
Our results support the idea that, beyond contributing preferentially to specific layers, 
IPCs exert a complex role in the establishment of neocortical microcircuitry. Particularly, 
they do so by specifying daughter cell depth and horizontal position within a cortical 
column. 
 
Regarding intralaminar allocation, we found that neurons derived from Tbr2-expressing 
progenitors reside deeper in layer 4 than their non-Tbr2 derived counterparts. This deeper 
settling pattern of Tbr2 neurons, suggest that there might be sublayers of processing 
within layer 4 of the barrel cortex, as has been shown in the visual cortex (Nassi and 
Callaway, 2009). Importantly, our time-course experiment revealed that neurons 
originating at E13.5 do not acquire their final position in layer 4 until at least the end of 
the first postnatal week. Future studies addressing the final laminar allocation of neurons 
should take this into account. 
 
This is also the first time that the contribution of progenitor diversity to columnar 
organization has been assessed. In particular, we found that Tbr2-derived neurons were 
preferentially located in the barrel wall. Interestingly, previous studies have shown that 
ablation of the Tbr2 progenitor pool causes disruption of the barrel map topography 
(Elsen et al., 2013, Arnold et al., 2008). Our results suggest that the absence of Tbr2 
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derived neurons would lead to a biased loss of cells in the wall, thus altering the 
periphery-related pattern of the barrel. Further, the higher proportion of Tbr2 derived 
neurons in the barrel wall may have important consequences in how thalamic information 
is processed in layer 4, because different barrel compartments are known to receive 
inputs from different thalamic nuclei (Yu et al., 2006, Feldmeyer, 2012). The lemniscal 
pathway, which carries both touch and motion information from the whiskers, can be 
divided into two branches, the first one originates at the core of the barreloid in the VPM 
nucleus of the thalamus and projects to the barrel core in the cortex, while the other 
originates in the head of the barreloid in VPM and projects to the septal neurons 
(Feldmeyer, 2012). The paralemniscal pathway, carrying whisking signals but not touch, 
on the other hand, originates in the preoptic (PO) nucleus of the thalamus and projects 
mainly to layers 1 and 5, but also to septal neurons in layer 4 (Feldmeyer, 2012). Thus 
neurons surrounding the barrel core are more likely to integrate streams from 
paralemniscal and lemniscal pathways, relaying sensor motion (whisking) signals and 
whisking-touch combined, respectively (Yu et al., 2006). Since Tbr2 derived neurons had 
a stronger preference to reside in this compartment than non-Tbr2, they are more likely to 
be specialized for integration of these two sensory modalities. 
 
In sum, our results demonstrate that neural precursor lineages play a specific role in 
determining the sublaminar and columnar arrangement in layer 4 of the barrel cortex, 
rather than generating neurons with a random distribution throughout the barrel field. 
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Figure 2: Genetic fate-mapping at E13.5 labels two distinct populations of neuronal 
progenitors.  
(A) A pTbr2-cre plasmid was co-transfected with a CAG-stoplight reporter plasmid using 
in utero electroporation (IUE) at E13.5 to fate map Tbr2-lineage cells with mCherry and 
non-Tbr2 cells with ZsGreen only. (B) Confocal micrograph of a coronal section through 
the embryonic cortex 24 hours after IUE, showing Tbr2 lineage cells labeled with 
mCherry and non-Tbr2 lineage cells labeled with ZsGreen only. Scale bar, 40 µm. (C) 
Distribution of mCherry+ and ZsGreen+ cells in the neuroepithelium (D) Bar graph 
showing percentages of mCherry+/Tbr2-, mCherry+/Tbr2+, ZsGreen+/Tbr2- and 
ZsGreen+/Tbr2- cells, 24 hours after electroporation. (E14.5 n=4) 
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Figure 3: IUE at E13.5 labels neurons that locate in layer 4.  
Confocal micrographs of tangential 50 µm sections through the barrel field show fate-
mapped neurons populating layer 4 barrels (demarcated with white dashed line), 
visualized with NeuN immunohistochemistry (A) and Nissl stain (B). Scale bar, A 50 
µm, B 100 µm. 
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Figure 4: Neurons generated at E13.5 migrate during embryonic and postnatal 
period to reach layer 4.  
Coronal sections through the somatosensory cortex showing electroporated neurons and 
their location relative to thalamic axons, visualized through VGLUT2 immunostain, from 
E16 to P21. Scale bar, 100 µm. (E16.5 n=4, P0 n=3, P3 n=3, P7 n=2)  
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Figure 5: Differences in cortical depths between the two lineages are established 
after the first postnatal week.  
(A) Changes in average depth of Tbr2 and non-Tbr2 lineage neurons from E16 to P21. 
(B) Distribution of Tbr2 and non-Tbr2 lineage neurons throughout the cortical depth at 
P21. (E16.5 n=4, P0 n=3, P3 n=3, P7 n=2) 
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51 
Figure 6: Tbr2 and non-Tbr2 lineage-derived neurons co-populate layer 4 of the 
barrel cortex but differ in number and distribution.  
(A) Systematic random sampling throughout the whole barrel field allowed for accurate 
estimates of number and distribution of neurons from both lineages. (B) The number of 
electroporated cells was determined for two compartments on the basis of VGLUT2 
immunostain: VGLUT2+ barrel core and VGLUT2- barrel wall. (C) Proportion of Tbr2 
and non-Tbr2 lineage neurons in the barrel ¬field as a whole and by compartment. (D) 
Barrel Wall/Core location ratios revealed differences between the two lineages. (E) non-
Tbr2 lineage neurons located more superficially relative to the pia than Tbr2 lineage 
neurons, within layer 4.  
*** p<0.0001, **p<0.005 (p21, n=4)  
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CHAPTER FOUR: DISTINCT PROGENITOR LINEAGES GIVE RISE TO 
PYRAMIDAL AND SPINY STELLATE NEURONS WITH DISTINCT 
MORPHOLOGICAL AND ELECTROPHYSIOLOGICAL FEATURES 
 
INTRODUCTION 
 
In the previous chapter we showed that distinct neural precursor lineages contribute in 
specific ways to the laminar and columnar organization of layer 4 of the barrel cortex. In 
this next part of the overall study, we sought to determine whether the two fate-mapped 
precursor lineages differentially contribute to the known morphological and 
electrophysiological classes of neurons in this area and layer of the mouse brain. As 
noted before, in Tyler et al., 2015, we showed that that layer 2/3 pyramidal neurons of the 
mouse frontal cortex exhibit distinct morphological and electrophysiological properties 
depending on their lineage of origin (Tyler et al., 2015). Thus, another goal of the present 
study was to determine whether this lineage-specified neuronal diversity program is a 
common principle during development, by examining a different layer and area of the 
brain. 
 
Our results demonstrate that: 1) Tbr2 and non-Tbr2 derived progenitors are able to 
generate both pyramidal and spiny stellate neuronal subtypes. 2) Neural progenitor class 
imbues distinct morphological and electrophysiological features in the daughter neurons 
and, 3) Lineage-specified neuronal differences are layer-specific. 
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Our results demonstrate that different neural precursor groups generate multiple classes 
of neuronal progeny, each with distinct electrophysiological and morphological 
properties, in layer 4 of the barrel cortex. By showing that this lineage-specified neuronal 
identity is apparent in multiple layers and areas of the neocortex we confirm that this is a 
fundamental rule of development. Importantly, a given precursor cell lineage undergoes 
changes throughout embryonic development to program the properties of their daughter 
neurons according to the lamina of destination.  
 
MATERIALS AND METHODS 
 
Electrophysiology 
 
At postnatal day 21, electroporated mice were sedated with isoflurane and decapitated. 
Their brains were extracted and placed in oxygenated (95% O2/5% CO2) ice-cold 
Ringer’s solution (concentrations in mM: 25 NaHCO3, 124 NaCl, 1 KCl, 2 KH2PO4, 10 
glucose, 2.5 CaCl2, and 1.3 MgCl2, pH 7.4, Sigma Aldrich). Acute coronal slices of 300 
µm thickness through the parietal cortex were cut using a vibrating microtome and 
equilibrated for 1 hour in oxygenated Ringer’s solution at room temperature. Individual 
slices were then placed in a submersion type recording chamber (Harvard Apparatus) on 
the stage of Nikon E600 IR-DIC microscopes (Micro Video Instruments) and continually 
perfused with room temperature oxygenated Ringers solution at 2.5 mL/min.  
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Barrels in layer 4 of the somatosensory cortex were visualized under IR-DIC optics and 
Tbr2+/mCherrry+ and Tbr2-/ZsGreen+ were identified under epifluorescence. Whole-
cell patch clamp recordings were performed as previously described (Rocher et al., 2010, 
Crimins et al., 2012, Amatrudo et al., 2012), using electrode pipettes made from non-
heparinized microhematocrit capillary tubes (Sutter Instrument) with a Flaming and 
Brown horizontal pipette puller (model P87, Sutter Instrument). Patch electrode pipettes 
were filled with potassium gluconate (KGlu) internal solution (concentration in mM: 122 
KGlu, 2 MgCl2, 5 EGTA, and 10 NaHEPES containing 1 % biocytin pH 7.4; Sigma-
Aldrich) and had resistances between 2-4 MΩ. Data was acquired with EPC9 or EPC10 
amplifiers and PatchMaster software (HEKA Elektronik). Access resistance was 
monitored throughout the experiment and all recordings were low-pass filtered at 10 kHz. 
A total of 23 mice at P21, male and female, were used for these experiments. The total 
number of neurons recorded from was: n=31 (Tbr2-derived neurons) and n=24 (non-Tbr2 
derived neurons). 
 
Intrinsic membrane and action potential properties. Whole cell patch clamp recordings in 
the current clamp mode were used to assess passive membrane properties and action 
potential (AP) firing properties. Passive membrane properties included resting membrane 
potential (Vr), input resistance (Rn) and membrane time constant. Vr was measured as 
the voltage in the absence of current injection. A series of 200 ms hyperpolarizing and 
depolarizing current steps was applied for the rest of the measures. The voltage responses 
to each step were measured at steady state and plotted on a voltage-current graph: Rn was 
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calculated as the slope of the best-fit line through the linear portion of the plot. 
Membrane time constant was measured by fitting a single exponential function to the 
membrane voltage response to the -10 pA hyperpolarizing step. Rheobase, the amount of 
current needed to elicit the first AP, was determined with a 10 s depolarizing current 
ramp (0-200 pA; 3.03 kHz sampling frequency). Single AP properties, including 
threshold and amplitude, were measured on the first evoked AP in a 200 ms current-
clamp series using an expanded timescale and the linear measure tool in FitMaster 
analysis software (HEKA Elektronik). Threshold was determined as the sharp, upward 
deflection in the voltage trace. Amplitude and rise time were measured from the voltage 
threshold to the peak of the AP. Finally, a series of 2 s hyperpolarizing and depolarizing 
steps (-200 to +350 pA, using 50 pA increments, 12.5kHz sampling frequency) was used 
to assess repetitive AP firing. Firing rates at each current step were subsequently 
calculated. At the -200 pA hyperpolarizing step, the FitMaster linear measure tool was 
used to measure the amplitude of the sag potential (a depolarizing H-current mediated 
response). 
 
Spontaneous Excitatory Postsynaptic Currents, sEPSCs. AMPA receptor-mediated 
spontaneous excitatory currents (sEPSCs) were recorded for 2 min at a holding potential 
of -80 mV (6.67 kHz sampling frequency). Minianalysis software (Synaptosoft) was used 
to quantify synaptic current properties including: frequency, amplitude, area, time to rise 
and time to decay. For assessment of kinetics, the rise and decay of averaged traces were 
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each fit to a single-exponential function. For all synaptic current measurements, the event 
detection threshold was set at the maximum root mean squared noise level (5 pA). 
 
Cell morphometry 
 
During recordings neurons were simultaneously filled with 1 % biocytin in the internal 
solution (pH 7.4; Sigma-Aldrich, St Louis, MO). Following recordings, slices containing 
filled neurons were fixed in 4 % paraformaldehyde in 0.1 M PBS solution (pH 7.4) for 2 
days. After rinsing, sections were incubated in Streptavidin-Alexa 405 (1:500) for 2 days. 
Lineage identity was confirmed using confocal microscopy by acquiring z-stacks through 
the cell body at 20x (3x digital zoom) at excitation wavelengths of 488 and 594 nm for 
ZsGreen and mCherry respectively. Following lineage identification, slices that contained 
filled neurons were processed with biotinylated goat anti-Streptavidin (1:400, BA0500, 
Vector Labs) followed by Alexa-Streptavin-488 (to amplify the signal of the filled cell), 
and then immunostained with VGLUT2 to identify the position of the filled cell relative 
to the barrel field (immunohistochemistry procedures described above). Well-filled L4 
neurons located in the barrel field were then imaged in their entirety using a Plan 
Apochromatic 20x/0.8 NA DIC air-immersion objective lens, at 488 nm excitation 
wavelength. For 3D reconstruction, optical sections were acquired at 0.4 µm intervals at a 
resolution of 0.2× 0.2 × 0.4 µm per voxel. 
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Z-stacks of collected TIFF images were deconvolved (AutoDeblur software, Media 
Cybernetics) to reduce z-plane signal blurring. Z-stacks for each neuron were imported to 
Neurolucida software (MBF Bioscience) for 3D alignment and reconstruction. The 
interactive semi-automated tool was used for reconstruction of the soma and the entire 
dendritic tree, and edited manually. The generated DAT. file was uploaded to 
Neurolucida Explorer software for measurements of dendritic length, dendritic 
complexity and Sholl analysis. The dendritic complexity index was calculated from: 
(Sum of the terminal orders + Number of terminals) * (Total dendritic length / Number of 
primary dendrites). The polarization of the dendritic tree was calculated by obtaining a 
round histogram where length was plotted as a function of direction (from 0 to 360o), 
each bin was then normalized to the total dendritic length and a vector was calculated that 
was the sum of all bins and their corresponding orientation. The absolute value of the X 
component of the vector was used as a quantitative measure of horizontal polarization (or 
asymmetry), and the value of the Y component as a measure of vertical polarization. The 
total number of neurons reconstructed and analyzed were: non-Tbr2 pyramidal n=9, non-
Tbr2 spiny stellate n=13, Tbr2 pyramidal n=13, Tbr2 spiny stellate n=16 
 
Statistical analyses 
 
Differences between the two lineages were assessed using Student’s t-test. A k-means 
cluster was run to cluster all cells into stellate or pyramids. In all cases, differences were 
considered significant if the p-value was <0.05.  
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RESULTS 
Both groups of fate-mapped precursors generate spiny stellate and pyramidal 
neurons 
 
We used whole-cell patch clamp recordings and intracellular filling techniques to 
compare the detailed morphological and electrophysiological properties of Tbr2 (n=33) 
and non-Tbr2 (n=25) derived neurons. A total of 57% of all recorded and filled cells were 
derived from Tbr2 progenitors, while 43% derived from non-Tbr2 progenitors (Figure 
8D). This is consistent with the stereology results, suggesting that the neurons sampled 
were representative of the overall population.  
 
Excitatory neurons in layer 4 can be classified into three main morphological types: 
Spiny stellate neurons which lack a prominent apical dendrite, pyramidal neurons which 
possess a sparse apical tuft and star pyramids which do not possess a tuft (Staiger et al., 
2004, Oberlaender et al., 2012, Jones, 1975). Although these groups can be distinguished 
based on the prominence and extent of their apical dendrite, they are thought to represent 
a continuum (Callaway and Borrell, 2011, Vercelli et al., 1992, Lund, 1984) (Figure 7). 
To classify the neurons in our sample in an unbiased way, we measured the extent of the 
apical dendrite (AD, identified as the largest caliber dendrite perpendicular to the pial 
surface) as a percentage of distance from the soma to the pia (AD % of soma to pia 
distance) (Figure 8A), as previously described (Callaway and Borrell, 2011). Neurons 
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classified as pyramidal possess a distinct apical dendrite that extends towards layer 1; that 
is, the AD % of soma to pia distance is close to 100. At the other end of the continuum, 
spiny stellate neurons possess an apical dendrite with a greater diameter than the basal 
dendrites that runs perpendicular to the pial surface but remains restricted to layer 4 
(Figure 8B). We ran a k-means clustering analysis that separated neurons into two 
groups: one with a AD % of soma to pia distance ranging from 0 to 41% (the spiny 
stellate group) and one ranging from 56 to 100% (the pyramidal group, which included 
pyramidal and star pyramids) (k-means p < 1E-26; Figure 8C). Tbr2 and non-Tbr2 
progenitors both gave rise to spiny stellate and pyramidal neurons, with the Tbr2 lineage 
producing a larger number of both morphological subtypes (Figure 8D). These results 
indicate that both progenitor lineages can generate neurons with layer 4-specific 
morphologies. 
 
Spiny stellate and pyramidal neurons possess distinct morphological features based 
on neural precursor lineage 
 
To determine whether precursor lineage may specify different morphological features in 
pyramidal or spiny stellate subclasses, we imaged the intracellularly filled neurons using 
high-resolution confocal microscopy and then subsequently reconstructed their dendritic 
arbors (Figure 9). 
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Spiny Stellate Neurons: Spiny stellate neurons originate during development as pyramidal 
neurons, but then undergo selective pruning of the apical dendrite (Callaway and Borrell, 
2011, Vercelli et al., 1992) as they begin to specialize in the reception of layer 4 inputs. 
We determined whether lineage identity correlated with specific differences in the apical 
or basal arbors of spiny stellates. Interestingly, Tbr2 derived the spiny stellate neurons 
(n=16) possessed less elaborate apical dendritic trees than did non-Tbr2 derived spiny 
stellate neurons (n=13) (p<0.05, Figure 10A,C). Consequently, the convex hull (CH) 
volume of the apical dendritic arbor of the Tbr2 derived cells was also significantly lower 
than that of non-Tbr2 neurons (CH volume Tbr2= 92,710.3 ± 24,069.7 µm3, non-Tbr2= 
201,796.2 ± 33,009.9 µm3, p<0.01,Figure 9B). The basal trees did not differ in length, 
complexity (Figure 11A,C) or CH volume (CH volume non-Tbr2= 794,539.8 ± 107,144.8 
µm3, Tbr2= 65,1607.0 ± 103,149.4 µm3, p=0.35) between lineages (Figure 9B). These 
results demonstrate that the two lineages of spiny stellate neurons express a difference in 
dendritic complexity that is specific for the apical dendrite.  
 
Spiny stellate neurons in layer 4 of the barrel cortex are often polarized, directing their 
dendrites towards the major thalamic input in the barrel core (Valverde, 1968, Borges and 
Berry, 1976, Harris and Woolsey, 1981, Egger et al., 2008). This dendritic asymmetry 
implies a specific interplay between afferent input and stellate morphology and is the 
result of a combination of selective dendritic pruning and dendritic outgrowth 
(Greenough and Chang, 1988). We assessed the degree of polarization of the dendritic 
arbors of filled spiny stellate neurons from each lineage using vector analysis of dendritic 
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length and direction (Figure 12A). Interestingly, we found that the degree of horizontal 
polarity, the [X] component of the vector, was significantly higher in Tbr2 than in non-
Tbr2 spiny stellate neurons (p<0.01) (Figure 12B). Thus, the degree of polarization in the 
barrel column is higher in the Tbr2 derived stellate neurons. These results suggest 
enhanced dendritic remodeling in the Tbr2 lineage neurons to specialize in the reception 
of thalamic synapses. 
 
Pyramidal Neurons: Layer 4 pyramidal neurons retain a prominent apical dendrite that 
extends outside of layer 4, enabling them to sample inputs from superficial layers. Tbr2 
lineage (n=13) and non-Tbr2 lineage (n=9) pyramidal neurons possessed apical dendrites 
with similar total length that were either untufted or had a sparse dendritic tuft (Figure 
10B). However, a Sholl analysis revealed that Tbr2 pyramidal neurons had higher 
complexity of proximal apical dendritic branches; in other words, the branching in the 
portion of the apical dendrite that locates in layer 4 was higher in the Tbr2 than in the 
non-Tbr2 group (Figure 10D). No differences were found in the length and complexity of 
the basal tree (Figure 11B,D) or in the CH volumes of their basal arbors between 
lineages, which demonstrates that differences were specific for the apical dendrite (CH 
volume non-Tbr2= 1,593,221.3 ± 157,123.5 µm3, Tbr2= 1,614,886.5 ± 246,331.8 µm3, 
p=0.95)(Figure 9D). These results demonstrate that Tbr2 derived pyramidal neurons are 
also more arborized in the region of layer 4 thalamic inputs. These results suggest that 
Tbr2 derived pyramidal neurons, like Tbr2 derived spiny stellates, specialize in the 
reception of layer 4 thalamic inputs. 
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Lineage effect on firing pattern is independent of morphology 
 
We sought to determine whether the differences in dendritic structure mapped to 
precursor lineage could be correlated to distinctive electrophysiological properties. 
Previous studies have categorized layer 4 neurons into two groups based upon their 
repetitive AP firing patterns,: “intrinsically burst-spiking” neurons and “regular spiking” 
neurons (Staiger et al., 2004, Amitai and Connors, 1984). Interestingly, both 
electrophysiological types are found in pyramidal and spiny stellate neurons (Schubert et 
al., 2003, Staiger et al., 2004, Feldmeyer et al., 1999). Our studies indicate that the Tbr2 
(n=33) and non-Tbr2 (n=25) derived neurons all exhibited regular spiking physiology, 
with similar intrinsic membrane properties (Figure 13B). However, depolarizing currents 
steps evoked a higher number of action potentials in Tbr2 lineage neurons than in 
neurons derived from non-Tbr2 progenitors (Figure 13C-E). This was due to faster 
adaptation rates in non-Tbr2 derived neurons, such that the interval between the first 
spike and last spike during a 2 second pulse at rheobase was significantly shorter in non-
Tbr2 compared to Tbr2 derived neurons (Figure 14 A-C).  
 
We next compared Tbr2 and non-Tbr2 derived neurons within each morphological 
subtype. In the spiny stellate group, Tbr2 derived neurons fired more action potentials 
(APs) than non-Tbr2 derived neurons at multiple current steps (p < 0.05, Figure 15C), 
although the Rn, Rheobase and AP properties were not different (Figure 15E, Table 2). 
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Similarly, Tbr2 pyramidal neurons fired more APs at multiple current steps than the non-
Tbr2 pyramidal neurons (Figure 15D). Tbr2 pyramidal neurons also showed lower 
rheobase (p < 0.05, Figure 15F) and smaller amplitude of the AP (p < 0.01) than non-
Tbr2 neurons (Table 2). Further comparisons of firing properties within each lineage 
revealed that spiny stellates and pyramids exhibited nearly identical evoked action 
potential firing rates (Figure 16). Taken together, these findings demonstrate that lineage 
is a major determinant of firing rate and that these lineage-dependent differences in firing 
rates cannot be accounted for by differences in morphological features. 
 
EPSC properties of spiny stellate and pyramidal neurons are not dependent on 
lineage 
 
During whole-cell recording, we measured AMPA-mediated spontaneous excitatory 
postsynaptic currents (sEPSCs) in voltage-clamp to assess the differences in frequency, 
amplitude, rise and decay between lineages and between morphologies. 
 
In contrast to marked differences in AP firing rates, EPSCs properties did not differ 
between lineages (Figure 17A-F). However, within each lineage there was a difference 
based on morphological type. In the Tbr2 lineage, spiny stellates had higher amplitude 
EPSCs than pyramidal neurons (p<0.05) and exhibited a trend towards higher frequencies 
of EPSCs (p=0.056) (Table 3). For the non-Tbr2 lineage, sEPSCs in spiny stellate 
neurons were also higher in mean amplitude and had faster rise times than those in 
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pyramidal cells (Table 3). Taken together, these comparisons show that differences in 
AMPA-mediated EPSCs are specific to morphological type but not to lineage. 
 
DISCUSSION 	
In this study we used an array of molecular, electrophysiological and anatomical 
techniques to illuminate how two distinct progenitor lineages contribute to neuronal 
diversity in layer 4 of the barrel cortex. Previously we had shown that Tbr2 and non-Tbr2 
expressing progenitors generate pyramidal neurons with distinct morphological and 
electrophysiological properties in layers 2/3 of the frontal cortex (Tyler et al., 2015). In 
the present study we aimed to investigate whether this principle of generation of diversity 
applies to other layers and areas of the brain. Indeed, we found that layer 4 neurons of the 
somatosensory cortex derived from the two neural precursor lineages have distinct 
morphological and electrophysiological properties. Remarkably, however, many of the 
properties observed were distinct from those described in layers 2/3, and thus specific of 
layer 4.  
 
Regarding electrophysiological properties, neurons in layer 4 differed in their firing 
patterns based on their lineage of origin. In particular, Tbr2 derived neurons fired a 
greater number of action potentials in response to depolarizing current steps than did 
neurons derived from non-Tbr2 progenitors. In our previous study in layers 2/3 (Tyler et 
al., 2015), we also showed that Tbr2-derived neurons fired more APs in response to 
depolarizing currents, when compared to their non-Tbr2 derived counterparts. In layers 
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2/3 this was due to a higher input resistance of Tbr2-derived neurons that leads to a 
higher excitability. In layer 4 however, the differences in firing pattern were due to 
differences in the rate of adaptation between neurons derived from the two lineages.  
 
Importantly, in this study we were able to determine that this effect was independent of 
morphological subtype, and thus specified by lineage alone. Our findings have important 
implications for the understanding of stimulus coding in the last relay station of the 
somatosensory pathway: the cortex. Importantly, slowly adapting (SA, as with Tbr2 
derived neurons) primary sensory afferents from the whiskers carry information on object 
location and texture, while rapidly adapting (RA, as with non-Tbr2 derived neurons) 
afferents carry information about shape (Sanchez-Jimenez et al., 2013). Intriguingly, SA 
and RA responses have also been recorded in all the other stations of the 
trigeminothalamic pathway: the trigeminal ganglion (Jones et al., 2004, Sanchez-Jimenez 
et al., 2013), VPM (Deschenes et al., 2003) and somatosensory cortex (Ahissar et al., 
2000, Garabedian et al., 2003). Future studies should address the contribution of the two 
lineages to these two channels of sensory processing.  
 
Another example of layer-specific differences in lineage specification is the effect on 
spontaneous AMPA-mediated EPSCs. In layers 2/3, we found that pyramidal neurons 
derived from Tbr2 progenitors exhibited sEPSCs with higher amplitude and decay times 
that those that were non-Tbr2 derived (Tyler et al., 2015). In layer 4, however, we found 
no differences between sEPSC properties of neurons derived from different lineages.  
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In terms of morphology, we found that Tbr2-derived pyramids possess apical dendrites 
that are more arborized within layer 4, when compared to the non-Tbr2 derived pyramids. 
Additionally, Tbr2-derived spiny stellate neurons show a higher degree of horizontal 
polarization, which is associated with a specialization in the reception of thalamocortical 
afferents (Valverde, 1968, Borges and Berry, 1976, Harris and Woolsey, 1981, Egger et 
al., 2008). Importantly, spiny stellate neurons that direct their dendrites toward the center 
of the barrel usually have their somata located in the barrel wall. Altogether, our data 
demonstrate a higher degree of dendritic remodeling in the Tbr2 lineage that is directed to 
restrict the apical dendrite arbor to layer 4. These results strongly suggest that neurons in 
the Tbr2 lineage are specialized in the reception of thalamic afferents. 
 
In our previous study (Tyler et al., 2015) we also found a specific effect of neural 
precursor lineage in the topology of the apical dendrite. Similarly to electrophysiological 
properties, morphological properties were also layer-specific. In layer 2/3, the apical 
dendrite of Tbr2 derived pyramidal neurons was less arborized than that of non-Tbr2 
derived pyramidal neurons. In layer 4 however, the apical dendrite of Tbr2 derived 
pyramidal neurons was more arborized in the most proximal portion than in non-Tbr2 
derived pyramidal neurons. Thus, comparison of the present study with our previous 
study in layers 2/3 (Tyler et al., 2015) leads us to conclude that lineage-specified 
neuronal differences are layer-specific. This laminar specificity reveals a temporal 
dynamism in the mechanisms by which neural progenitors imbue their progeny with 
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distinct properties. In other words, neural precursor pool heterogeneity exerts a complex 
role in generation of neuronal diversity by tuning the specification of their daughter cells 
to the specific area and lamina of destination. Furthermore, by examining two discrete 
neuronal subtypes, pyramidal and spiny stellate neurons, we established that lineage-
specified differences are also cell type-specific.  
 
In sum, the significance of our study is twofold. On the one hand, it illuminates the field 
of study of barrel cortex by determining the lineage-specific contributions to 
electrophysiological and morphological diversity in layer 4. On the other hand, it 
advances the field of neural development by determining the specific differences that two 
distinct progenitor classes imbue in their daughter cells. Futhermore, comparison of our 
results with those of (Tyler et al., 2015) revealed that lineage determination of cell 
identity is temporally tuned to the formation of specific laminae. 
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Figure 7: Continuum of morphological types in layer 4 of the barrel cortex.  
Exemplar reconstructions of Tbr2 and non-Tbr2 derived neurons and their position within 
layer 4. Scale bar, 200 µm. 
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Figure 8: Tbr2 and non-Tbr2 progenitors are give rise to spiny stellate and 
pyramidal neurons in layer 4 of the barrel cortex.  
(A) Filled neurons were scanned under confocal microscopy for lineage identification 
and their location relative to the barrel field was determined on the basis of VGLUT2 
staining. Scale bar, 200 µm. (B) Reconstructions of Tbr2 and non-Tbr2 lineage neurons 
intracellularly filled during whole-cell patch clamp recordings with their apical dendrite 
highlighted in black. Scale bar, 200 µm. (C) K-means clustering confidently separated the 
neurons into a “Spiny stellate” and a “Pyramidal” group using the measure of the apical 
dendrite (AD) extent as a percentage of soma-to-pia distance (p<0.0001). (D) Proportion 
of spiny stellate and pyramidal neurons in L4 of the barrel cortex that originate from Tbr2 
and non-Tbr2 progenitors. 
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Figure 9: Lineage-specified differences in apical CH volume of spiny stellate but not 
pyramidal neurons.   
A, C) Confocal image of a spiny stellate neuron (A) and a pyramidal neuron (C) Scale 
bar, A: 50 µm, C: 100 µm (B) Convex hull analyses revealed differences in the volume of 
the apical compartment in spiny stellate neurons between the two lineages. Scale bar, 50 
µm (D) Convex hull analyses revealed no differences between lineages in the volume of 
the apical compartment in pyramidal neurons. Scale bar, 100 µm.  
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Figure 10: The morphology of the apical dendrite differs by lineage in spiny stellate 
and pyramidal neurons.  
A, B) Number of nodes (left), number of ends (middle) and total dendritic length (right) 
of the apical dendrite of spiny stellate (A) and pyramidal (B) neurons. (C) Sholl analysis 
showed increased dendritic complexity of the apical arbor in the non-Tbr2 lineage spiny 
stellate neurons. (D) Sholl analysis showed increased complexity of the proximal apical 
dendrite in the Tbr2 lineage pyramidal neurons. Dashed line indicates L3/L4 border.  
*p<0.05, ** p<0.01. (Tbr2 pyramidal n=13, Tbr2 spiny stellate n=16, non-Tbr2 
pyramidal n=9, non-Tbr2 spiny stellate n=13) 
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Figure 11: Similar morphology of the basal dendritic arbor in spiny stellate and 
pyramidal neurons of both lineages.  
A, B) Number of nodes (left), number of ends (middle) and total dendritic length (right) 
of the basal dendrite of spiny stellate (A) and pyramidal (B) neurons. (C) Sholl analysis 
showed similar dendritic complexity of the basal arbor in spiny stellate neurons from the 
two lineages. (D) Sholl analysis showed similar dendritic complexity of the basal arbor 
pyramidal neurons from the two lineages. (Tbr2 pyramidal n=13, Tbr2 spiny stellate 
n=16, non-Tbr2 pyramidal n=9, non-Tbr2 spiny stellate n=13) 
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Figure 12: Tbr2-lineage stellate neurons show a higher degree of dendritic 
asymmetry.  
(A) Examples of dendritic reconstructions of Tbr2 and non-Tbr2 derived spiny stellate 
neurons and their corresponding position relative to the barrel. Scale bar, 200 µm. (B) 
Polar histograms of dendritic length of the neuron in (A). (C) “X” projection of the 
summation vector of the polar histogram showed differences in horizontal polarization 
between the two lineages (left); “Y” projection showed no difference in vertical 
polarization (right). *p<0.05. (Tbr2 spiny stellate n=16, non-Tbr2 spiny stellate n=13). 
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Figure 13: Neurons from Tbr2 and non-Tbr2 lineages have distinct firing properties 
in layer 4 of the adult mouse barrel cortex.  
(A) Example of a layer 4 neuron patched during whole-cell recordings. Scale bar, 100 µm 
(B) Box plots of resting membrane potential (left), input resistance (middle) and rheobase 
(right) of Tbr2 and non-Tbr2 derived neurons. (C) Representative voltage responses to 
+175 pA current steps from neurons of both lineages. Calibration: 20mV/500ms. (D) Plot 
of evoked APs in response to increasing current steps showing individual cells. (E) 
Average plot number of evoked APs in response to increasing current steps. *p<0.05, ** 
p<0.01. (non-Tbr2 n=24, Tbr2 n=31). 
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Figure 14: Neurons from Tbr2 and non-Tbr2 lineages exhibit different rates of 
adaptation.  
(A) Boxplot of difference between time to last spike (TLS) and time to first spike (TFS). 
(B) Plot of evoked APs and time during the 2s current pulse at which they occurred, 
showing individual cells. (C) Average plot of evoked APs and time during the 2s current 
pulse at which they occurred. *p<0.05. (non-Tbr2 n=24, Tbr2 n=31). 
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Figure 15: Tbr2 and non-Tbr2 lineage of origin imbues electrophysiological 
differences in both spiny stellate and pyramidal morphological subtypes.  
A,B) Examples of Tbr2 and non-Tbr2 lineage spiny stellate (A) and pyramidal (B) 
neurons filled during whole-cell patch clamp recordings. Scale bar, 100 µm. C,D) 
Representative voltage responses to +175 pA current step (left); plot of mean evoked APs 
in response to increasing current steps show higher firing rates of Tbr2 lineage (right) for 
spiny stellate (C) and pyramidal neurons (D). Calibration: 20mV/500ms. E,F) From left 
to right, resting potential, input resistance, and rheobase boxplots for the non-Tbr2 and 
Tbr2-lineage spiny stellate neurons (E) and pyramidal (F). *p<0.05 (non-Tbr2 pyramidal 
n=8, non-Tbr2 spiny stellate n=12, Tbr2 pyramidal n=16, Tbr2 spiny stellate n=19) 
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Figure 16: Firing rates do not differ between pyramids and spiny stellates.  
(A) Examples of Tbr2 lineage pyramidal (left) and spiny stellate (right) neurons. Scale 
bar, 100 µm. (B) Examples of non-Tbr2 lineage pyramidal (left) and spiny stellate (right) 
neurons. Scale bar, 100 µm. (C) Plot of mean evoked APs in response to increasing 
current steps show similar firing rates of Tbr2 lineage pyramidal and spine stellate 
neurons. (D) Plot of mean evoked APs in response to increasing current steps show 
similar firing rates of non-Tbr2 lineage pyramidal and spine stellate neurons. (Tbr2 
pyramidal n=13, Tbr2 spiny stellate n=16, non-Tbr2 pyramidal n=9, non-Tbr2 spiny 
stellate n=13). 
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Figure 17: Similar EPSC properties of Tbr2 and non-Tbr2 lineage neurons.  
A,C) Box plots of frequencies of EPSCs for Tbr2 and non-Tbr2 derived spiny stellate (A) 
and pyramidal (C) neurons. B,D) Representative AMPA-receptor mediated sEPSCs 
recorded from Tbr2 and non-Tbr2 lineage spiny stellate (B) and pyramidal (D) neurons. 
Calibration: 20 pA/500 ms. (E,F) Comparable synaptic properties of Tbr2 and non-Tbr2 
lineage neurons. From left to right: amplitude, rise, decay and area, in the spiny stellate 
(E) and pyramidal (E) groups (F) (Tbr2 pyramidal n=16, Tbr2 spiny stellate n=19, non-
Tbr2 pyramidal n=8, non-Tbr2 spiny stellate n=12). 
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Table 1 Electrophysiological properties of Tbr2 and non-Tbr2 derived neurons in layer 4 
 
 
*Student’s t-test 
n: non-Tbr2=24, Tbr2=31 
  
  non-Tbr2 Tbr2 p value*  
Passive         
Resting Potential (mV) -65.96 ± 1.03 -66.63 ± 0.73 0.582  
Input Resistance (MΩ) 137.17 ± 14.77 153.02 ± 10.48 0.364  
Time Constant (ms) 13.42 ± 1.43 14.67 ± 1.75 0.599  
Action Potential     
Rheobase (pA) 170.07 ± 21.65 143.85 ± 19.29 0.373  
Threshold (mV) -28.30 ± 1.68 -30.13 ± 0.79 0.258  
Amplitude (mV) 68.37 ± 2.75 65.74 ± 1.35 0.328  
Sag Amplitude (mV) 1.56 ± 0.29 2.11 ± 0.29 0.201  
sEPSC     
Frequency (Hz)  3.99 ± 0.57 3.73 ± 0.35 0.682  
Amplitude (pA) 27.11 ± 1.99 23.89 ± 1.41 0.174  
Rise Time (ms) 2.56 ± 0.09 2.68 ± 0.06 0.247  
Decay Time (ms) 5.49 ± 0.34 5.87 ± 0.18 0.280  
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Table 2 Significance values for comparisons between lineages within each morphological subtype 
 
*Student’s t-test 
n: non-Tbr2 pyramidal=8, non-Tbr2 spiny stellate=16, Tbr2 pyramidal=12, non-Tbr2 spiny stellate=19 
 	  
 Pyramidal Stellate 
  non-Tbr2 vs. Tbr2* non-Tbr2 vs. Tbr2* 
Passive    
Resting Potential (mV) 0.556 0.178 
Input Resistance (MΩ) 0.534 0.458 
Time Constant (ms) 0.822 0.645 
Action Potential   
Rheobase (pA) <0.05 0.692 
Threshold (mV) 0.789 0.236 
Amplitude (mV) <0.01 0.481 
Sag Amplitude (mV) 0.278 0.513 
sEPSC   
Frequency (Hz)  0.570 0.975 
Amplitude (pA) 0.953 0.154 
Rise Time (ms) 0.710 0.104 
Decay Time (ms) 0.707 0.388 
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Table 3 Electrophysiological properties of Tbr2 and non-Tbr2 derived pyramidal and spiny stellate neurons 
 
 
*Student’s t-test 
n: non-Tbr2 pyramidal=8, non-Tbr2 spiny stellate=16, Tbr2 pyramidal=12, non-Tbr2 spiny stellate=19 
  
 non-Tbr2 Tbr2 
  Pyramidal Spiny stellate p value* Pyramidal Spiny stellate p value* 
Passive        
Resting Potential (mV) -67.46 ± 2.00 -65.12 ± 1.21 0.303 -66.00 ± 1.60 -67.02 ± 0.70 0.499 
Input Resistance (MΩ) 119.38 ± 31.52 146.07 ± 16.72 0.396 141.30 ± 21.24 160.42 ± 11.34 0.376 
Time Constant (ms) 15.09 ± 2.90 12.47 ± 1.64 0.380 16.06 ± 3.07 13.80 ± 2.22 0.533 
Action Potential       
Rheobase (pA) 186.16 ± 32.81 151.69 ± 31.03 0.431 106.47 ± 12.64 170.55 ± 30.76 0.095 
Threshold (mV) -31.73 ± 0.77 -26.02 ± 2.56 0.083 -31.34 ± 1.28 -29.29 ± 1.02 0.202 
Amplitude (mV) 78.27 ± 2.03 61.76 ± 2.50 < 0.001 68.52 ± 1.99 63.82 ± 1.76  0.082 
Sag Amplitude (mV) 1.38 ± 0.56 1.68 ± 0.34 0.606 2.34 ± 0.62 1.97 ± 0.29 0.531 
sEPSC       
Frequency (Hz)  3.35 ± 0.82 4.28 ± 0.77 0.449 2.90 ± 0.42 4.26 ± 0.49 0.056 
Amplitude (pA) 20.31 ± 2.45 30.24 ± 2.26 < 0.05 20.48 ± 1.76 26.04 ± 1.91 < 0.05 
Rise Time (ms) 2.81 ± 0.22 2.45 ± 0.07 < 0.05 2.73 ± 0.07 2.65 ± 0.09 0.534 
Decay Time (ms) 5.84 ± 0.68 5.33 ± 0.42 0.499 6.09 ± 0.24 5.73 ± 0.26 0.325 
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Table 4 Electrophysiological properties of pyramidal and spiny stellate neurons 
 
 Pyramidal Spiny Stellate p value* 
Passive      
Resting Potential (mV) -64.67 ± 1.01  -66.40 ± 0.58 0.111 
Input Resistance (MΩ) 142.96 ± 12.89  155.26 ± 8.52 0.423 
Time Constant (ms) 15.31 ± 1.40  13.21 ± 1.09 0.229 
Action Potential     
Rheobase (pA) 142.02 ±14.08  147.82 ±16.49 0.789 
Threshold (mV) -28.69 ± 1.20  -28.32 ±0.87 0.800 
Amplitude (mV) 70.44 ± 1.55  61.58 ±1.54 <0.001 
Sag Amplitude (mV) 1.72 ± 0.285  1.82 ±0.186 0.765 
Number of APs     
+50 pA Current Step 2.43 ± 0.95  0.26 ± 0.24 <0.001 
+75 pA Current Step 4.82 ± 1.52  2.68 ± 0.82 0.192 
+100 pA Current Step 7.21 ± 1.85  6.11 ± 1.28 0.607 
+125 pA Current Step 10.61 ± 1.89  7.59 ± 1.53 0.207 
+150 pA Current Step 12.56 ± 2.05  9.34 ± 1.71 0.222 
+175 pA Current Step 13.59 ± 2.12  9.66 ± 1.76 0.149 
+200 pA Current Step 14.84 ± 2.21  9.03 ± 1.80 <0.05 
+225 pA Current Step 15.68 ± 2.20  9.59 ± 1.86 <0.05 
sEPSC     
Frequency (Hz)  3.05 ± 0.37  4.20 ± 0.40 0.062 
Amplitude (pA) 20.42 ± 1.35  27.56 ± 1.43 <0.01 
Rise Time (ms) 2.75 ± 0.08  2.58 ± 0.06 0.090 
Decay Time (ms) 6.01 ± 0.26  5.64 ± 0.23  0.297 
 
*Student’s t-test 
n: Pyramidal=33, Spiny Stellate=48 
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 CHAPTER FIVE: DIFFERENCES IN SPINES AND THALAMIC INPUT 
BETWEEN TBR2 AND NON-TBR2 DERIVED NEURONS 
 
INTRODUCTION 
 
Spines are membrane protrusions extending from the dendritic shafts where neurons 
receive most of their excitatory synapses. As noted before, spine density is a distinctive 
feature of excitatory neurons, and is often used to distinguish them from inhibitory 
neurons, which are mostly aspiny or sparsely spiny. Because most dendritic spines only 
receive one asymmetric (excitatory) synapse from an axon terminal, the number and 
distribution of spines in the dendritic arbor provides an estimate of the total excitatory 
input impinging on a given neuron (Peters, 1991). 
 
Most spines consist of two parts: a narrow stalk, usually referred to as “neck”, and an 
ovoid bulb at the distal end, the “head” (Pappas and Purpura, 1961, Peters, 1991). The 
length of the neck ranges from 0.5 to 2 µm (Hering and Sheng, 2001) and is similar 
across species (Jacobson, 1967), and its diameter from 0.12 to 0.4 µm (Shepherd, 1996). 
The diameter of the head is more variable but its volume is on average of about 0.58 µm3 
(Shepherd, 1996). Importantly, the size of the head is correlated with the area of the 
postsynaptic density (PSD) and thus with the number of postsynaptic receptors and 
strength of synaptic transmission. Spines can be classified as thin, stubby, mushroom or 
filopodia (Peters and Kaiserman-Abramof, 1970, Hering and Sheng, 2001). Thin spines 
are the most common, and have thin necks and small heads (<0.6 µm). Stubby spines lack 
		
96 
a neck, and the head protrudes directly from the dendritic shaft. Mushroom spines have a 
large head and a stalk of varying diameter and length. The least common of all in the 
adult brain are filopodia, which are long spines (neck > 3 µm) without a defined head. 
Filopodia are more frequent in developing brain, particularly at the periphery of 
migrating cells. They rapidly protrude and retract from the mother dendrite and are 
thought to be precursors of the definitive spines (Hering and Sheng, 2001). Interestingly, 
transition from other spine types to filopodium state has also been described (Parnass et 
al., 2000) suggesting that the dynamic transformation can be bidirectional.  
 
Although initially thought to be simply a mechanism of increasing dendritic surface area 
available to receive synapses, the function of dendritic spines is now recognized to be 
more complex for two reasons: 1) The surface of the main shafts are, for the most part, 
free of excitatory synapses (Peters, 1991). 2) The thin neck separates the cytoplasmic 
content of the head, where synapses occur, from that in the dendritic shaft, thus creating a 
microcompartment with distinct electrical and biochemical properties. Regarding their 
function, one possibility is that spines play a role in “finding” and establishing synaptic 
contact with the appropriate afferents that are intermingled in the neuropil. Another 
possibility is that they serve as integrative units that control the inputs that the neurons 
receive. The small head separated from the neuron by a thin neck creates a biochemical 
compartment, which is particularly relevant for intraspine calcium dynamics. For 
example, a small number of open channels can cause a large increase in intracellular 
calcium in the spine. Furthermore, the geometry of the neck is responsible for slower 
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decay of calcium kinetics (Hering and Sheng, 2001). The presence of several types of 
receptors and channels permeable to calcium in the same spine allow it to integrate 
different types of postsynaptic signals. The geometry of the neck also has electrical 
implications: it makes the input impedance much higher in the spine than in the dendrite. 
Thus, the same synaptic current causes a larger increase in voltage in the spine than in the 
head. However, the higher the resistance (or the thinner the neck), the higher the loss of 
charge as current is transmitted from the spine to the shaft. This could further contribute 
to integration properties of spines. 
 
The distribution and density of spines throughout the dendritic arbor varies across cell 
types and is thought to have important roles in the computational capacities of neurons. 
However, the effect of distinct neural precursor lineages in the number and distribution of 
spines in their daughter neurons has not been investigated before. Thus, one goal of this 
study was to determine spine differences between neurons derived from the two fate-
mapped lineages. 
 
In previous chapters, we show how that the neurons from the two lineages differ in 
columnar allocation (Chapter 3), arborization of the apical dendrite and orientation of the 
dendritic arbor towards the barrel core (Chapter 4). Interestingly, thalamic afferents are 
known to play a role in the correct organization of the barrel field into columns. 
Furthermore, thalamic afferents are also thought to influence the morphology of neurons 
in layer 4 of the barrel cortex. Spiny stellate neurons originate during development as 
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pyramidal neurons, but then undergo selective pruning of the apical dendrite (Callaway 
and Borrell, 2011, Vercelli et al., 1992). This shift is mediated, at least in part, by 
thalamic innervation. In fact, sensory deprivation (Callaway and Borrell, 2011) and 
disruption of thalamocortical neurotransmission (Li et al., 2013) causes the continuum of 
morphologies to be shifted to the pyramidal type. Furthermore, thalamic innervation 
guides the orientation of dendrites to the center of the barrel, which it profusely 
innervates (Valverde, 1968, Borges and Berry, 1976, Harris and Woolsey, 1981, Egger et 
al., 2008). Thus, another goal of the present study was to interrogate whether lineage 
specification affects the interaction of their neuronal progeny with the thalamus, the main 
carrier of peripheral cues.  
 
Our results demonstrate that layer 4 neurons derived from Tbr2 and non-Tbr2 precursor 
cells differ in the number and distribution of spines and thalamocortical appositions on 
their apical dendritic arbor. 
 
MATERIALS AND METHODS 
 
Immunohistochemistry on thick sections 
 
300 µm slices containing filled neurons were processed for VGLUT2 immunoreactivity. 
After rinsing in 0.01M PBS, antigen retrieval was performed by treating the sections with 
10 mM Sodium Citrate Buffer (pH 8.5) for 30 minutes in a 60o water bath. Binding sites 
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were unmasked by incubation in 50 mM glycine for 1 hour. Slices were then incubated in 
blocking solution (10% BSA, 0.2% triton-x in 0.01 M PBS) for 1 hour. After blocking, 
sections were incubated in primary antibody (anti-VGLUT2 polyclonal guinea pig, 
1:1000, AB2251, Millipore) for 7 days. After rinsing thoroughly with 0.01M PBS, 300 
µm sections were incubated in secondary antibody for 48 hours (goat anti-guinea pig IgG 
conjugated with Alexa Fluor®-647, 1:200, 706-605-148, Jackson Immunoresearch). 
Primary and secondary antibodies were diluted in 0.2% BSAc, 0.1% triton-x, 0.1M 
phosphate buffer and their penetration enhanced by controlled microwaving (150W for 
10 minutes at 35 oC). Sections were rinsed, mounted in Prolong anti-fade medium 
(Invitrogen) and coverslipped. 
 
Spine density and VGLUT2+ appositions 
 
The total number of neurons for which spine and VGLUT2 appositions was determined 
at very high resolution were: non-Tbr2 pyramidal n=4, non-Tbr2 spiny stellate n=4, Tbr2 
pyramidal n=5, Tbr2 spiny stellate n=5. 
 
For each cell, 1-2 apical and basal branches were selected and imaged in their entirety 
using a Plan Apochromatic 63x/1.3 NA DIC oil-immersion objective lens and 1.5 digital 
zoom (check) at wavelengths of 488 and 633 nm, for the filled cell and VGLUT2 
respectively. Image stacks were acquired at a resolution of =0.044x0.044x0.2 µm per 
voxel. Z-stacks collected were deconvolved and imported to Neurolucida for alignment 
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and semi-automated reconstruction. Spines were manually identified and marked in 
Neurolucida software, the diameter of their heads measured, and classified into subtypes 
as follows: spines without a neck were classified as stubby, spines with neck and with a 
head diameter of less than 6 µm were classified as thin, spines with a head diameter of 6 
µm or more were classified as mushroom, and spines with necks longer than 3 µm were 
classified as filopodia (Figure 18B). For appositions, VGLUT2-immunolabeled boutons 
that were associated with the spines of filled cells were manually marked, and classified 
according to the spine they were apposed to. To be considered an apposition, the overlap 
had to occur between the highest intensity points of the fluorescent label of both 
structures (spine and bouton) and in more than two z-steps.  
 
The DAT. file generated was then imported into Neurolucida Explorer to obtain 
measurements of spine number by class, dendritic length and apposition number by class, 
and to run Sholl analyses for the distribution of spines and appositions relative to the 
distance from the soma.  
 
Statistical analyses 
 
Differences between the two lineages were assessed using Student’s t-test. In all cases, 
differences were considered significant if the p-value was <0.05.  
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RESULTS 
 
Differences in spine distribution and density between Tbr2 and non-Tbr2 derived 
neurons 
 
In the spiny stellate group, we observed no differences in overall spine density in the 
apical or basal dendrites between the two lineages (Figure 19A,C; 21A,C). In the 
pyramidal group, spine density of basal dendrites was similar between the two lineages 
(Figure 21B,D). However, we found differences in the pyramidal group that were specific 
to the apical dendrite. Tbr2 derived pyramidal neurons had lower spine density in the 
apical dendritic arbor than non-Tbr2 derived pyramidal neurons (p<0.05) (Figure 19B). A 
Sholl analysis revealed that the differences in spine density were due to a highly dense 
area in the mid-apical dendrite (200-280 µm distal from the soma, largely outside of layer 
4) that was present in non-Tbr2 but not in Tbr2-derived neurons (Figure 19B, 20). These 
differences were primarily due to increased numbers in the thin subtype (p<0.05) in non-
Tbr2 neurons, while the density of the other spine subtypes were similar (Figure 19D). 
These results strongly suggest that non-Tbr2 derived pyramidal neurons are specialized in 
receiving input outside of layer 4.  
  
Differences in thalamic input between Tbr2 and non-Tbr2 derived neurons 
 
We then determined the number of VGLUT2+ thalamic appositions on the spines of 
filled neurons (Figure 22 A-C). We found no differences in total apposition density 
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between lineages in either pyramidal or stellate neurons (Figure 23 A-D, 24 A-D). 
However, a Sholl analysis indicates that Tbr2 derived pyramidal neurons receive more 
appositions in the portion of the apical dendrite located within layer 4 (p < 0.05, Figure 
23B, right). Next we determined the proportion of spines with a VGLUT2+ apposition by 
calculating the VGLUT2 appositions/spines ratio. The apical arbor of spiny stellates had 
similar ratios in both lineages (Figure 26 A,B), as did the basal arbors in both the 
pyramidal (Figure 25 C,D) and spiny stellate groups (Figure 26 C,D). Importantly, this 
analysis revealed that Tbr2 derived pyramidal dendrites possessed significantly higher 
ratios of VGLUT2/spines in the proximal apical arbor (p<0.05), than their non-Tbr2 
counterparts (Figure 25B). 
 
In sum, the differences in spine and thalamic input between lineages were specific for the 
proximal apical dendrite of pyramidal neurons. Intriguingly, morphological analyses 
revealed that structural differences between Tbr2 and non-Tbr2 derived neurons were 
also restricted to the proximal apical arbor (Figure 10, Chapter 4), which is located within 
layer 4 per se. We therefore separated the apical dendrite into a L4 compartment and a 
layer 2/3 compartment to compare total spine and apposition estimates (Figure 27, 28) 
within these specific subregions.  
 
In the layer 4 portion of the pyramidal apical dendrite, the total number of spines was 
similar between lineages (p=0.31) (Figure 27D, left). Strikingly, however, the overall 
number of mushroom spines, the largest of the spine subtypes, was 2.5 times higher in the 
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Tbr2 lineage (p<0.001) (Figure 27D, right) compared to the non-Tbr2 lineage. This is of 
particular relevance because mushroom spines are associated with a higher number of 
postsynaptic receptors and thus with stronger synaptic transmission (Hering and Sheng, 
2001, Bourne and Harris, 2008, Rollenhagen and Lubke, 2006). The number of thalamic 
boutons apposed on mushroom spines was also significantly higher in the apical dendrites 
of Tbr2 derived pyramidal neurons (p<0.01) (Figure 27E,right). 
 
Conversely, in the layer 3 compartment, there were no differences in total spines, 
mushroom spines (Figure 27B), thalamic input or mushroom spines apposed by thalamic 
axons (Figure 27C). In the spiny stellate neurons, we found no significant differences in 
the total number of spines (p=0.28) or appositions (p=0.47) in the apical dendrite between 
the two lineages (Figure 28). 
 
Overall, our analysis of VGLUT2 appositions reveals that the apical arbor of Tbr2 
derived pyramids receives a higher proportion of thalamic synapses and is likely more 
specialized in the reception of TCAs than that of the non-Tbr2 derived pyramidal 
neurons. 
 
DISCUSSION 
 
The interaction between neural precursor lineages and extrinsic factors to specify cell 
diversity in the barrel cortex has not been previously addressed. Here we determined how 
two separate lineage-specified neurons differentially interact with thalamic input by 
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counting the number VGLUT2+ synapses they received. We found differences between 
the two lineages that were specific to the apical dendrite of pyramidal neurons. 
 
First, we found that in Tbr2 derived pyramidal neurons, spine density was considerably 
reduced in the mid-apical dendrite, which is located outside of layer 4. By contrast, non-
Tbr2 pyramidal neurons exhibited a spine dense area in this same dendritic region.  
 
Second, we found that the apical dendrite of Tbr2 derived pyramidal neurons received 
greater thalamic input closer to the soma compared to non-Tbr2 derived pyramidal 
neurons. The differences in VGLUT2 apposition density were specific for proximal 
portion of the apical dendrite of pyramidal neurons. Intriguingly, this specific area 
undergoes selective sculpting during development as pyramidal neurons shift to a stellate 
morphology to specialize in the reception of thalamic inputs (Callaway and Borrell, 
2011). Here we provide structural evidence consistent with this shift in apical dendritic 
morphology specifically in Tbr2 derived pyramidal neurons.  First, Tbr2 derived 
pyramidal neurons had a higher complexity of proximal apical dendrites compared to 
non-Tbr2 pyramidal neurons, arborizing densely within layer 4. Second, the apical 
dendrite of the non-Tbr2 derived pyramidal neurons had a spine dense area in the mid 
apical dendrite, typical of pyramidal neurons (Feldman and Dowd, 1975, Parnavelas et 
al., 1973, Kemper et al., 1973, Marin-Padilla, 1967), that was absent in the Tbr2-derived 
pyramidal neurons. These results strongly point to the loss of typical pyramidal features 
in the Tbr2-derived neurons to further specialize in the reception of layer 4 TCAs. 
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Interestingly, we indeed show that Tbr2 derived neurons have more robust interactions 
and denser overlap with TCA.   
 
The developmental mechanism underlying the differential interaction of thalamic 
afferents with neurons derived from distinct lineages remains a mystery. One possibility 
is that Tbr2 lineage specific cues “attract” thalamocortical afferents more efficiently than 
non-Tbr2 lineage neurons. Another possibility is that a Tbr2 lineage derived neurons are 
more susceptible to the structural changes triggered by the thalamus. Future studies 
should explore the dynamic interaction between precursor lineage and thalamic afferents 
at earlier times during development. Remarkably, a previous study showed that 
thalamocortical axons at embryonic age E14 release a diffusible factor that affects cell-
cycle kinetics (Dehay et al., 2001). It has also been described that, before TCAs invade 
layer 4, they elicit depolarizations in subplate neurons that are required for correct axon 
target selection and topographic innervation in the cortex (Catalano and Shatz, 1998). 
Our data are consistent with the idea that differences observed in layer 4 are due to 
differential competency of the thalamic afferents to interact with the distinct progenitor 
lineages during this period. 
 
Our studies also contribute to the barrel cortex field because the amount of VGLUT2+ 
synapses on filled neurons has not been assessed with this method before. We found that 
the percentage of all excitatory synapses contributed by the thalamus ranged from 28.9% 
to 34.5% (Figures 25, 26). In a previous study, (Benshalom and White, 1986) showed 
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that, of all asymmetric synapses of spiny stellate neurons, between 10% and 23% are 
from TCAs. The discrepancy with our results could be due to one or both of the 
following differences in methodology. First, (Benshalom and White, 1986) used electron 
microscopy to confirm the presence of synapse, while we could only estimate putative 
synapses by counting spines and appositions with a 0.044x0.044x0.2 resolution. Second, 
(Benshalom and White, 1986) labeled thalamocortical synapses using a lesion-induced 
degeneration method. We used VGLUT2+ immunohistochemistry, and although it 
mostly labels thalamic afferents, it can also label amygdalar and other subcortical 
projections, which means we could be overestimating the thalamic contribution to overall 
excitation.  
 
These results, together with a higher degree of horizontal polarity and apical dendritic 
arborization within thalamic recipient zones in layer 4 (described in Chapter 4), suggest a 
specialization of Tbr2-derived neurons to establish connections with the thalamus. We 
show for the first time that lineage identity influences the pattern of extrinsic connectivity 
impinging on the dendritic arbor. This interaction sheds light on the traditionally 
opposing, but not mutually exclusive, protomap and protocortex hypotheses by showing 
that neural precursor heterogeneity establishes a framework upon which the afferents 
carrying extrinsic cues differentially impinge. 
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Figure 18: Classification of spines into four distinct morphological subtypes.  
(A) High resolution confocal micrograph of a dendritic segment of a filled neuron. (B) 
Diagram showing thin, mushroom, stubby and filopodium subtypes of spines (right). 
Scale bar, 5 µm. 
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Figure 19: Lineage-specified differences in spine density of the apical dendrite of 
pyramidal but not spiny stellate neurons.  
A,B) Overall spine density (left) and Sholl analysis (right) of spine density in the apical 
dendrite of spiny stellate (A) and (B) pyramidal neurons. C,D) From left to right: thin, 
mushroom, stubby and filopodium spine density of the apical dendrite in spiny stellate 
(C) and (D) pyramidal neurons. *p<0.05, ** p<0.01 (Tbr2 pyramidal n=5, Tbr2 spiny 
stellate n=5, non-Tbr2 pyramidal n=4, non-Tbr2 spiny stellate n=4) 
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Figure 20: Differences in spine density are specific for the portion of the apical 
dendrite that locates in layer 3.  
(A) Examples of traced Tbr2 and non-Tbr2 lineage pyramidal neurons, with the portion 
of the apical dendrite that locates in layer 2/3 highlighted in black (B) Sholl analysis of 
spine density in the portion apical dendrite of pyramidal neurons that locates in layer 2/3. 
*p<0.05, ** p<0.01, *** p<0.001 (Tbr2 pyramidal n=5, non-Tbr2 pyramidal n=4) 
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Figure 21: Similar spine density of the basal dendrite of pyramidal and spiny 
stellate neurons from both lineages.  
A,B) Overall spine density (left) and Sholl analysis (right) of spine density in the basal 
dendrite of spiny stellate (A) and (B) pyramidal neurons. C,D) From left to right: thin, 
mushroom, stubby and filopodium spine density of the basal dendrite in spiny stellate (C) 
and (D) pyramidal neurons. *p<0.05, ** p<0.01 (Tbr2 pyramidal n=5, Tbr2 spiny stellate 
n=5, non-Tbr2 pyramidal n=4, non-Tbr2 spiny stellate n=4) 
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Figure 22: The number of thalamic afferents apposed on the dendritic arbor of 
filled was determined with VGLUT2 immunohistochemistry.  
(A) Image of filled neuron located in the barrel field, as shown by VGLUT2 
immunostain. Scale bar, 100 µm. (B) High resolution confocal micrograph of a filled 
neuron and VGLUT2 boutons Scale bar, 500 µm. (C) Dendritic segment of the neuron in 
(B), asterisks mark examples of appositions. Scale bar, 5 µm. (D) Sequential optical 
sections through a VGLUT2 apposition. Scale bar, 5 µm. 
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Figure 23: Density of VGLUT2+ appositions on spines of the apical dendrite of 
pyramidal and spiny stellate neurons.  
A,B) Overall apposition density (left) and Sholl analysis (right) of apposition density of 
the apical dendrite of spiny stellate (A) and pyramidal (B) neurons. C,D) From left to 
right: apposition density on thin, mushroom, stubby and filopodia spines in the apical 
dendrite of spiny stellate (C) and pyramidal (D) neurons. *p<0.05 (Tbr2 pyramidal n=5, 
Tbr2 spiny stellate n=5, non-Tbr2 pyramidal n=4, non-Tbr2 spiny stellate n=4) 
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Figure 24: Density of VGLUT2+ appositions on spines of the basal dendrite of 
pyramidal and spiny stellate neurons.  
A,B) Overall apposition density (left) and Sholl analysis (right) of apposition density of 
the basal dendrite of spiny stellate (A) and pyramidal (B) neurons. C,D) From left to 
right: apposition density on thin, mushroom, stubby and filopodia spines in the basal 
dendrite of spiny stellate (C) and pyramidal (D) neurons. (Tbr2 pyramidal n=5, Tbr2 
spiny stellate n=5, non-Tbr2 pyramidal n=4, non-Tbr2 spiny stellate n=4) 
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Figure 25: Thalamic input to dendritic spines differs between lineages, specifically 
on the apical dendrite of pyramidal neurons.  
A, B) Overall VGLUT2/spine ratio (A) and Sholl analysis of VGLUT2/spine ratio (B) of 
the apical dendrite of pyramidal neurons. C,D) Overall VGLUT2/spine ratio (C) and 
Sholl analysis of VGLUT2/spine ratio (D) of the basal dendrite of pyramidal neurons. * 
p<0.05 (Tbr2 pyramidal n=5, non-Tbr2 pyramidal n=4) 
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Figure 26: Similar thalamic input to dendritic spines between spiny stellate neurons 
of the two lineages  
A, B) Overall VGLUT2/spine ratio (A) and Sholl analysis of VGLUT2/spine ratio (B) of 
the apical dendrite of spiny stellate neurons. C,D) Overall VGLUT2/spine ratio (C) and 
Sholl analysis of VGLUT2/spine ratio (D) of the basal dendrite of spiny stellate. (Tbr2 
spiny stellate n=5, non-Tbr2 spiny stellate n=4) 
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Figure 27: Total spine numbers and VGLUT2+ appositions differ between lineages, 
specifically on the apical dendrite of pyramidal neurons.  
(A) Exemplar reconstructions of Tbr2 and non-Tbr2 derived pyramidal neurons showing 
the apical dendrite in black and their location relative to the barrel field. B,D) Total spine 
number estimate (left) and total mushroom spine estimate (right) of the portion of the 
apical dendrite that locates in layer 2/3 (B) and layer 4 (D). C,E) Estimate of total 
apposition numbers (left) and number of appositions on mushroom spines (right) of the 
portion of the apical dendrite that locates in layer 2/3 (C) and layer 4 (E). (* p<0.05, ** 
p<0.01, *** p<0.001) (Tbr2 pyramidal n=5, non-Tbr2 pyramidal n=4) 
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Figure 28: Similar Total spines and VGLUT2+ appositions between spiny stellate 
neurons of both lineages.  
(A) Exemplar reconstructions of Tbr2 and non-Tbr2 derived spiny stellate neurons 
showing the apical dendrite in black and their location relative to the barrel field. (B) 
Total spine estimate (left) and total mushroom spine estimate (right) of the apical 
dendrite. (C) Estimate of total appositions (left) and appositions on mushroom spines 
(right) of the apical dendrite. (Tbr2 spiny stellate n=5, non-Tbr2 spiny stellate n=4)  
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CHAPTER SIX: GENERAL DISCUSSION 
 
In this study we used an array of molecular, electrophysiological and anatomical 
techniques to illuminate how progenitor heterogeneity contributes to neuronal diversity in 
layer 4 of the barrel cortex. Four conceptual advances in the field of neural development 
have been made through this work. First, together with the findings in (Tyler et al., 2015), 
we show that precursor lineage of origin influences the electrophysiological and 
morphological properties of their daughter neurons in multiple layers and areas. Second, 
our results reveal that these differences are layer specific and are thus fine-tuned during 
embryonic development. Third, we show for the first time that progenitor lineage of 
origin is a determining factor for the columnar arrangement of the barrel cortex. Finally, 
our data reveal that progenitor lineage is a major determining factor in how neurons 
interface with extrinsic control from the thalamus. 
 
Layer-specific properties are defined by dynamic changes in neural precursor cells 
 
Previously we showed that Tbr2 and non-Tbr2 expressing progenitors generate pyramidal 
neurons with distinct morphological and electrophysiological properties in layers 2/3 of 
the frontal cortex (Tyler et al., 2015). In the present study we found that layer 4 neurons 
of the somatosensory cortex derived from the two neural precursor lineages also have 
distinct morphological and electrophysiological properties. By showing this at different 
areas and layers of the brain we demonstrate that this is a general rule of cortical 
development. Specifically, precursor lineage of origin strongly influences the firing 
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properties and arborization topology of the apical dendrite of neurons. Remarkably, 
however, we found that precursor specified properties were also layer and area specific. 
This reveals for the first time that neural precursor heterogeneity exerts a complex role in 
generation of neuronal diversity by tuning the specification of their daughter cells to the 
specific area and lamina of destination.  
 
Further exploration of the spatio-temporal dynamics of neural precursor heterogeneity is 
essential for an understanding of the developmental programs underlying principal 
neuron and areal diversification. One way to approach this is to examine the areal 
changes in the properties of neurons that are being generated from distinct precursors at a 
specific time during development. In particular, the time point at which layer 4 is 
generated (E13.5 for the mouse, as shown here) deserves special attention for several 
reasons: 1) Layer 4 is very variable across neocortical areas, and its prominence relative 
to the other layers is often used to describe the cytoarchitectonic features of a region. 
Thus, areas with a demarcated layer 4 are referred to as “granular”, while areas like the 
motor cortex (area 4) is often referred as “agranular”. 2) Layer 4 is the main recipient 
layer of thalamic afferents, and studying neurons originated at E13.5 provides a unique 
time point to determine the interaction between intrinsic and extrinsic factors in the 
development of cortical areas, and; 3) Finally, although layer 4 is highly conserved 
throughout evolution (Harris and Shepherd, 2015, Dugas-Ford et al., 2012), it also shows 
the greatest variation across species. Ethological “forces” drive this variation, since layer 
4 is more developed in the sensory cortices that process modalities where the species rely 
		
131 
more on for survival (Harris and Shepherd, 2015). For example, humans and primates, 
highly reliant on visual cues, have a highly developed layer 4 with several sublayers of 
processing (Nassi and Callaway, 2009, Lund, 1984). In contrast, layer 4 of the rodent 
visual cortex lacks spiny stellate neurons, while the somatosensory cortex possesses 
them, and in fact has a detailed map of the whisker snout. Thus, the study of layer 4 
lineage-specified properties across areas would enable the elucidation of gradients of 
effect that precursor lineage has across the neuraxis.  
 
Similarly, restricting the study to a single column would enable the dissection of the 
temporal changes that the neural precursors undergo to give rise to the different layers 
and the varied neurons destined to reside in them. This approach would provide 
significant insight into the formation of the neocortical microcircuitry of a single column. 
The barrel cortex, where columns are not only apparent, but also easily identifiable across 
subjects, provides an excellent system for this approach.  
 
Neural precursor of origin defines electrophysiological subtypes of neurons 
 
As in layer 2/3, neurons in layer 4 also differed in their firing properties based on their 
lineage of origin. In particular, Tbr2 derived neurons fired a greater number of action 
potentials in response to depolarizing current steps than did neurons derived from non-
Tbr2 progenitors. In layer 2/3, this effect was correlated with higher input resistance in 
Tbr2 derived neurons, which we did not observe in layer 4. In contrast, differences in 
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total firing across a current step in layer 4 were due to lower rates of adaptation in the 
Tbr2 lineage neurons. Importantly, we were able to determine that this effect was 
independent of morphological subtype and correlated with lineage alone.  
 
In many cases, firing frequency adaptation results from the activation of slow potassium 
(K+) conductances (Connor and Stevens, 1971). An example of this is the M-current (IM), 
a non-inactivating, voltage-dependent, high threshold current (Adams et al., 1982). When 
these channels are open, the outward K+ current counteracts sodium influx, resulting in 
AP adaptation. There is also a calcium-activated K+ channel that mediates slow 
afterhyperpolarization (sAHP) currents, the summation of which –following repetitive 
firing- is important for firing adaptation (Madison and Nicoll, 1984). Future studies 
should explore the mechanisms underlying the lower rates of adaptation in the Tbr2-
lineage neurons. 
 
Distinct neural precursor groups differentially contribute to topographical 
organization of the neocortex 
 
Our results also reveal that neural precursor lineage diversity plays a role in the 
topographic organization of the barrel cortex. Regarding laminar allocation, we found 
that neurons derived from Tbr2-expressing progenitors reside deeper in layer 4. These 
differences in depth appear at the end of the first postnatal week, after neurons have 
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settled in layer 4, which suggests that they are not due to differences in migration rates of 
the two populations.  
 
Although several recent studies have addressed the contribution of IPCs to the laminar 
organization of the neocortex (Kowalczyk et al., 2009, Vasistha et al., 2015, Tarabykin et 
al., 2001, Britanova et al., 2005, Zimmer et al., 2004, Mihalas et al., 2016), this is the first 
time that the contribution of progenitor diversity to columnar organization has been 
assessed. The readily apparent columnar segregation of thalamic inputs in the barrel 
cortex allowed us to do so. We demonstrate that Tbr2-derived neurons resided 
preferentially in the barrel wall, when compared to their non-Tbr2 derived counterparts. 
This shows that Tbr2 derived neurons play a specific role in the laminar and columnar 
arrangement of the neocortex, rather than generating progeny with a random distribution 
throughout the barrel field. The deeper settling pattern, combined with the lower rates of 
adaptation and differences in connectivity evident in Tbr2 neurons, suggest that there 
might be sublayers of processing within layer 4 of the barrel cortex, as has been shown in 
the visual cortex (Nassi and Callaway, 2009). Interestingly, previous studies have shown 
that Tbr2 knockout causes disruption of the barrel map topography (Elsen et al., 2013, 
Arnold et al., 2008). Our results suggest that the absence of Tbr2 derived neurons would 
plausibly lead to a biased loss of cells in the wall, thus altering the periphery-related 
pattern of the barrel. Further, the higher proportion of Tbr2 derived neurons in the barrel 
wall may have important consequences for how thalamic information is processed in 
layer 4, because the two barrel compartments are known to receive inputs from distinct 
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thalamic nuclei carrying different modalities of somatosensation (Yu et al., 2006, 
Feldmeyer, 2012).  
 
Differences in connectivity determined by lineage 
 
We found fundamental differences in the arborization and distribution of inputs, which 
together are reflective of differences in connectivity, between neurons derived from the 
two progenitor lineages. First, Tbr2-derived spiny stellate neurons show a higher degree 
of horizontal polarization, which has been associated with a specialization in the 
reception of thalamocortical afferents (Valverde, 1968, Borges and Berry, 1976, Harris 
and Woolsey, 1981, Egger et al., 2008). Importantly, spiny stellate neurons that direct 
their dendrites toward the center of the barrel usually have their somata located in the 
barrel wall. This result is consistent with our stereology findings, demonstrating that Tbr2 
neuron somata locate preferentially in the barrel wall. Tbr2-derived pyramidal neurons 
also showed a high degree of specialization in the reception of thalamic inputs, evidenced 
by profuse branching of the portion of the apical dendrite located within layer 4. These 
results are consistent with the idea that there are specific programs triggered in Tbr2 
derived neurons that shift the outcome of pruning so that layer 4 inputs can be selectively 
sampled.  
 
Because thalamic afferents influence both the selective pruning process (Vercelli et al., 
1992, Callaway and Borrell, 2011) and the orientation of dendrites towards the barrel 
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core (Valverde, 1968, Borges and Berry, 1976, Harris and Woolsey, 1981, Egger et al., 
2008), we determined the weight of thalamic inputs to neurons from both lineages. We 
found that the apical dendrite of Tbr2 derived pyramidal neurons received greater 
VGLUT2+ (presumptively mainly thalamic) input in layer 4 than non-Tbr2 derived 
pyramidal neurons. In contrast, the apical dendrite of the non-Tbr2 derived pyramidal 
neurons had a spine dense area in the mid-apical dendrite, typical of pyramidal neurons 
that potentially allows it to sample inputs in layer 3 (Feldman and Dowd, 1975, 
Parnavelas et al., 1973, Kemper et al., 1973, Marin-Padilla, 1967) to a greater extent than 
the Tbr2-derived pyramidal neurons (Illustration 4).  
 
The synaptic differences we measured, together with the greater horizontal polarity and 
dendritic arborization within layer 4, indicate that Tbr2-derived neurons specialize to 
establish connections with the thalamus. This shows for the first time that lineage identity 
influences the pattern of extrinsic connectivity impinging on the dendritic arbor. Future 
studies should explore the dynamic interaction between precursor lineage and thalamic 
afferents at earlier times during development. For example, a previous study showed that 
thalamocortical axons at embryonic age E14 release a diffusible factor that affects cell-
cycle kinetics (Dehay et al., 2001). Studying how lineage programming cooperates with 
extrinsic inputs throughout the course of development is essential to address the 
alternative, but not mutually exclusive, protocortex and protomap hypotheses.  
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Lineage effect on the arborization of the apical dendrite 
 
Our morphological observations in layer 4 extend our finding in (Tyler et al., 2015) that 
neural precursor lineage has an effect on the arborization of the apical dendrite. In layer 
2/3, we found that Tbr2-derived pyramidal neurons had less complex apical dendrites. 
Similarly, in layer 4 spiny stellates, Tbr2-derived neurons had less arborized apical 
dendrites than non-Tbr2 derived neurons. Interestingly, the Tbr2 derived pyramidal 
neurons had more arborized apical dendrites than non-Tbr2 pyramidal neurons, but 
specifically in the proximal portion that locates in layer 4.  
 
The results in layer 2/3 and 4, although seemingly paradoxical, can be understood as 
complementary if we consider them in terms of connectivity. A more arborized apical 
arbor in layer 2/3 non-Tbr2 pyramids presumably increases their integrative properties by 
expanding the number of inputs they can sample. In layer 4, we show that Tbr2 
pyramidal neurons specialize in the reception of thalamic afferents by confining most of 
their dendritic length, and thus the inputs they can sample, to layer 4. Thus, non-Tbr2 
pyramidal neurons receive more diversified inputs, as confirmed by spine and apposition 
data, than their Tbr2-derived counterparts (Illustration 4).  
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Implications for other neocortical layers 
 
Several morphological and physiological subtypes of excitatory neurons have also been 
described in layers 5 and 6 of the neocortex and, intriguingly, the classes differ in the 
degree of arborization of their apical dendrite. In layer 6, for example, laminar specificity 
of the axonal arbor is correlated with the selective arborization of the apical dendrite. 
Thus, class I neurons project mainly to layer 4 and lack dendritic branches in layer 5b, 
while class II neurons have widespread axons and dendritic branches in layer 5b.  
In layer 5, thick-tufted layer 5 neurons project to cortex and striatum, while thin-tufted 
neurons project subcallosally (Morishima and Kawaguchi, 2006, Wang et al., 2006). 
Similarly to layer 4, the two types of L5 pyramids originate from an early common 
pattern but subsequently undergo selective sculpting of the apical dendrite (Koester and 
O'Leary, 1992). Future studies of layer 5 and layer 6 cell diversity should investigate the 
relative contribution of Tbr2 and non-Tbr2 neural precursors to the specific classes of 
neurons. 
 
Significance for the field of neural development: a new model of neuron production 
 
The functional relevance of the different classes of intermediate neural precursor cells 
remains poorly understood. Further, their role in the generation of neocortical neurons 
relative to RGCs remains a mystery. One widely accepted model of cortical development 
proposes that RGCs are able to give rise to excitatory neuron types for all layers of the 
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cortex. To do so, they undergo sequential competence stages whereby they become 
restricted to the generation of a specific neuron type. According to this model, IPCs 
generated by RGCs at a given time produce the same type of neurons. In other words, 
IPCs amplify the neuronal output established by temporal changes in the RGCs 
(Illustration 5A).  
 
By contrast, our data demonstrate that contemporaneously born neurons have different 
properties depending on their precursor lineage of origin. Importantly, together with our 
study on layers 2/3 (Tyler et al., 2015), we demonstrate that IPCs undergo temporal 
changes to confer properties to their progeny that are distinct to those inherited by 
contemporaneously generated neurons but also specific to the layer of destination. Thus, 
our data lead us to propose an alternative model: IPCs give rise to neurons imbued with 
morphological and electrophysiological properties that are distinct from those of neurons 
simultaneously generated by RGCs or other progenitor classes. These properties change 
and are adapted to the layer of destination as development proceeds. (Illustration 5B). 
  
Implications for evolution 
 
The study of the developmental mechanisms underlying neuronal diversity, together with 
comparative studies that strive to understand interspecies differences, can give important 
insight into the emergence of ethologically advantageous features throughout the course 
of evolution (Rakic, 2009). 
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In the primate, the neocortex is characterized by an extraordinary increase in surface, 
when compared to the rodent, for example. This allows for the elaboration of functionally 
distinct cortical areas (Rubenstein and Rakic, 1999). The increase in thickness, although 
modest in comparison, is two-fold when compared to the rodent, and is mostly due to 
expansion of layers 2 and 3 (Hutsler et al., 2005). This laminar specificity has led to the 
proposition that the expansion of the SVZ in the primate was ordered primarily to the 
production of upper layer neurons (Molyneaux et al., 2007). This has been confirmed by 
several studies, although it is still subject to some debate (Kowalczyk et al., 2009, 
Vasistha et al., 2015, Mihalas et al., 2016). 
 
It is sometimes overlooked, however, that layer 4 also shows the highest variability 
across functionally distinct regions (Harris and Shepherd, 2015) and that its study can 
give insight into the evolutionary mechanisms underlying arealization. Our results 
demonstrate that Tbr2 derived progenitors of the SVZ give rise to neurons that restrict 
their arbors to layer 4 and specialize in the reception of thalamic inputs. But does this 
imply an evolutionary advantage? Comparative neuroanatomy might have the answer. 
Indeed, layer 4 is more developed in sensory areas that are more relevant for the species 
survival and it is in general more developed in primates than in rodents. Our results 
suggest that neurons from the non-Tbr2 lineage have in turn more highly integrative 
properties compared to Tbr2 lineage derived neurons. We speculate that IPCs also 
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contribute to evolution by generating neurons in layer 4 that are specialized for the 
reception of sensory inputs in ethologically relevant cortices.  
 
Implications for health and disease 
 
Investigating the role of distinct precursors cells in the generation of neuronal diversity is 
an essential prerequisite for elucidating how the brain develops under healthy and 
pathological conditions. The results of this study are particularly relevant because 
specific subtypes of IPCs are affected in neurodevelopmental disorders. For instance, in 
the Ts65Dn mouse model of Down Syndrome, production of aIPCs, which are part of the 
non-Tbr2 lineage, are specifically reduced in the embryonic neocortex (Tyler and 
Haydar, 2013). Interestingly, another study found a compensatory expansion of Tbr2(+) 
divisions in the Ts65Dn mouse in late prenatal development, even when overall 
embryonic neurogenesis was reduced (Chakrabarti et al., 2007). A better understanding 
of the functional relevance of different streams of neurogenesis is crucial to comprehend 
not only normal brain development, but also the etiology of neurodevelopmental 
disorders. The results of this study, that addresses basic mechanisms of formation of the 
mammalian cortex, can be extrapolated to other areas of the neurobiology field, for 
example to better understand the mechanisms of cell-specificity in neurodevelopmental 
disease.  
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Beyond Tbr2 and non-Tbr2 precursor lineages 
 
Our fate-mapping tool allows us to label two distinct, non-overlapping classes of 
progenitor lineages. However, this dual labeling does not reproduce the full diversity of 
the precursor pool. The non-Tbr2 progenitor class includes RGCs and aIPCs of the VZ, 
as well as bRG of the SVZ. The Tbr2 lineage includes mostly bIPCs of the SVZ, but we 
cannot exclude that there is further heterogeneity within the bIPC population. Future 
studies should aim to derive the unique genetic signatures of the several precursor classes 
and then use these results to label them individually. This will allow to compare their 
progeny to neurons contemporaneously generated by other lineages. 
  
CONCLUSION 
 
In sum, our findings suggest that neural precursor lineages exert a complex effect on the 
generation of cortical diversity that goes beyond laminar organization. The lineage effects 
on the electrophysiological and morphological properties of their daughter neurons are 
layer specific and thus subject to temporal changes during embryonic development. 
Furthermore, lineage specification can influence connectivity by determining the number 
of spines and also the connections established with the thalamus, a major determinant of 
cell specification and cortical regionalization. Thus, lineage identity establishes a 
framework upon which the afferents carrying extrinsic cues differentially impinge. 
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Illustration 4: Model of connectivity in layer 4 based on lineage-specified properties. 
From left to right: non-Tbr2 derived pyramidal neurons (green) have a spine dense area 
outside of layer 4 that allows them to sample inputs in layers 2/3. Tbr2 derived pyramidal 
neurons (red) are highly arborized in layer 4, have more mushroom spines and receive a 
higher contribution of thalamic inputs than their non-Tbr2 derived counterparts. Spiny 
stellate neurons receive do not differ in overall thalamic input, however, Tbr2-derived 
spiny stellates (red) locate preferentially in the barrel wall and are more horizontally 
polarized than non-Tbr2 derived spiny stellates (green). 
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Illustration 5: Models of neocortical neuron production by the heterogeneous 
neurogenic niche.  
(A) A widely accepted model of cortical development proposes that IPCs amplify the 
output of RGCs by generating neurons of the same type. Throughout the course of 
development, RGCs become progressively restricted to generate different neuron types. 
(B) Our data demonstrate that simultaneously generated neurons have distinct properties 
depending on their precursor of origin, and that neurons from the same lineage are 
different depending on their birth date. 
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Figure 29: Contribution of distinct progenitor lineages to adult neuronal diversity 
and topography of layer 4 of the barrel cortex.  
(A) We fate-mapped two distinct classes of neural precursor cells at E13.5, when neurons 
destined to reside in layer 4 are being generated. (B) At P21, we found Tbr2 lineage 
neurons located deeper and preferentially in the barrel wall, when compared to non-Tbr2 
lineage neurons. We also found that Tbr2 lineage neurons exhibited lower rates of 
adaptation than Tbr2 neurons (b1). Furthermore, we found that Tbr2 pyramidal neurons 
were more arborized in layer 4, and received a higher contribution of thalamic afferents 
than non-Tbr2 pyramidal neurons (b2). By contrast the non-Tbr2 pyramidal neurons had 
a spine- dense pyramidal (b3). In the spiny stellate group, Tbr2 lineage neurons had less 
complex apical dendrites and their arbors more polarized towards the barrel core, when 
compared to non-Tbr2 lineage neurons (b4). (C) Finally, our longitudinal study allowed 
us to determine that depth differences between the two lineages are not established until 
after the first postnatal week.  
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APPENDIX: PUBLISHED CO-AUTHORED MANUSCRIPT 
 
Neural Precursor Lineages Specify Disctinct Neocortical Pyramidal Neuron Types 
 
William A. Tyler, Maria Medalla, Teresa Guillamon-Vivancos, Jennifer I. Luebke, and 
Tarik F. Haydar 
 
ABSTRACT 
 
Several neural precursor populations contemporaneously generate neurons in the 
developing neocortex. Specifically, radial glial stem cells of the dorsal telencephalon 
divide asymmetrically to produce excitatory neurons, but also indirectly to produce 
neurons via three types of intermediate progenitor cells. Why so many precursor types are 
needed to produce neurons has not been established; whether different intermediate 
progenitor cells merely expand the output of radial glia or instead generate distinct types 
of neurons is unknown. Here we use a novel genetic fate mapping technique to 
simultaneously track multiple precursor streams in the developing mouse brain and show 
that layer 2 and 3 pyramidal neurons exhibit distinctive electrophysiological and 
structural properties depending upon their precursor cell type of origin. These data 
indicate  that  individual  precursor  subclasses  synchronously  produce  functionally  
different neurons, even within the same lamina, and identify a primary mechanism 
leading to cortical neuronal diversity. 
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